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Introduction 


Transforming  growth  factor-beta  (TGF-p)  clearly  plays  a  complex  role  in  the 
physiology  of  mammary  gland  development  and  autoctrine/paracrine  homeostasis,  and 
the  pathophysiology  of  breast  carcinogenesis.  These  global  effects  of  TGF-p  activity  are 
thought  to  largely  stem  from  the  ability  of  this  hormone  to  modulate  the  transcriptional 
activity  of  a  variety  of  target  genes  that  are  classicaly  divided  into  two  subsets:  those 
involved  in  cell  cycle  regulation  and  those  involved  in  extracellular  matrix  modulation. 
The  ability  of  TGF-p  to  potently  suppress  the  proliferation  of  normal  breast  epithelial 
cells  may  be  central  to  its  putative  role  in  tumor  suppression  of  early  stage  breast  cancers. 
However,  it  is  important  to  note  that  in  later  stage  breast  cancers,  in  which  epithelial  cells 
are  often  refractory  to  the  antiproliferative  effects  of  TGF-P,  the  modulation  of  the 
extracellular  matrix  (ECM)  by  the  TGF-p  signal  may  contribute  to  breast  cancer 
progression.  Thus,  the  elucidation  of  the  mechanisms  by  which  TGF-p  is  able  to  exert 
these  effects  are  intensely  researched.  The  Smad  family  of  proteins  are  the  most  well 
characterized  mediators  of  the  TGF-p  signal.  Upon  phosphorylation  by  the  TGF-p 
receptor  complex,  Smads  2  and  3  heterodimerize  with  the  central  partner  of  Smad 
signaling,  Smad4,  and  shuttle  to  the  nucleus.  (Figure  1)  This  induced  nuclear 
translocation  suggested  a  potential  role  for  the  Smad  family  of  proteins  in  transcriptional 
regulation;  a  role  that  has  been  largely  established  from  much  research  in  the  last  three 
years.  The  goal  of  the  original  proposal  was  to  further  define  the  role  of  the  Smads  as 
transcriptional  regulators  with  particular  attention  to  target  genes  involved  in  cellular 
growth  inhibition,  and  thus,  genes  potentially  involved  in  the  tumor  suppression  of  early 
breast  cancers.  The  successful  completion  of  these  studies  will  provide  further 
understanding  of  Smad  mediated  signaling  with  an  emphasis  on  the  role  of  these  effector 
molecules  in  growth  inhibition  and  breast  tumor  suppression,  and  thus  potentially  provide 
a  theoretical  framework  from  which  new  breast  cancer  therapeutics  may  be  devised. 
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Body 


The  first  technical  objective  of  the  original  proposal,  to  determine  the 
mechanism  through  which  the  Plasminigen  Activator  Inhibitor-1  (PAI-1)  gene  is 
regulated  by  Smad3/4  and/or  Smad2/4,  was  chosen  because  PAI-1  was  a  well 
established  TGF-p  target  gene  that  was  shown  to  be  synergistically  activated  by 
overexpressed  Smad  3  and  4  in  a  transcriptional  reporter  assay  (23).  In  addition,  we 
recently  demonstrated  that  a  Smad3/4  complex  could  physically  interact  with  specific 
DNA  response  elements  in  the  PAI-1  promoter,  and  that  Smad4  alone  is  able  to  directly  a 
specific  sequence  of  DNA,  CAGACA  (22).  Thus,  although  PAI-1  is  a  major  constituent 
of  the  ECM,  and  not  necessarily  a  mediator  of  the  TGF-p  antiproliferative  signal,  it  was 
chosen  as  a  model  gene  to  study  the  transcriptional  activity  of  the  Smads.  Although 
progress  was  made  in  the  completion  of  the  first  technical  objective,  various  other  groups 
were  able  to  publish  their  findings  of  this  line  of  investigation  first.  Within  the  last  year, 
four  reports  were  published  that  defined  Smad3/4  binding  sites  within  the  PAI-1 
promoter,  and  characterized  these  sites  as  functionally  essential  in  the  TGF-P  mediated 
transactivation  of  PAI-1  promoter  reporter  constructs  (5,8,18,20).  We  and  others  have 
shown  that  Smad  2  and  4  overexpression  can  also  transactivate  PAI-1  reporter  constructs, 
however  the  mechanism  by  which  this  is  accomplished  seems  to  be  distinct  from  that 
mediated  by  Smad3  and  4  and  is  currently  unknown.  We  have  been  able  to  define  a 
distinct  region  of  the  PAI-1  promoter  through  which  Smad  2  and  4  are  able  to 
transactivate  this  gene,  but  have  not  been  able  to  demonstrate  direct  binding  of  Smad2/4 
to  any  promoter  sequence  (unpublished  data).  The  following  factors  have  lead  to  an 
emphasis  on  Smad  3  signaling  in  this  proposal,  as  opposed  to  Smad  3  and  2  signaling: 
the  progress  made  in  defining  Smad3/4  complexes  in  the  mediation  of  TGF-p 
transcriptional  control,  and  the  availability  of  Smad  3  null  cells  in  our  laboratory. 
Although  random  degenerative  oligos  were  obtained  to  complete  part  C  of  the  first 
technical  objective,  another  group  first  published  the  completion  of  this  study  (23). 

From  these  findings  and  those  obtained  from  the  characterization  of  other  TGF-p 
responsive  genes,  the  “CAGA  box”  was  established  as  a  Smad3/4  binding  element. 
(5,8,17,18,20,21,22,23).  One  such  study  in  which  I  contributed,  was  the  demonstration 
that  Smad3  and  4  and  the  transcription  factor  family  of  proteins,  AP-1,  synergize  in  the 
transcriptional  activation  of  the  cJun  promoter  by  TGF-p  (21,  attached  ref.  1).  This  study 
further  developed  the  role  of  Smad  3/4  as  a  transcriptional  regulator  with  the  ability  to 
coordinate  its  activity  with  that  of  other  transcriptional  factors,  and  provides  a  conceptual 
basis  for  how  the  TGF-p  signal  can  be  integrated  with  other  disparate  signals  on  the  same 
gene.  Furthermore,  in  collaboration  with  other  members  of  our  laboratory,  we  have 
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demonstrated  that  this  transcriptional  synergy  between  Smads  and  AP-1  is  likely  through 
the  direct  physical  interaction  of  Smads  and  AP-1  family  members  (10,  attached  ref.  2). 
Finally,  we  have  shown  that  the  TGF-P  induced  phosphorylation  of  Smad3  facilitates  its 
interaction  with  the  transcriptional  coactivators  p300/Creb  Binding  Protein  (CBP)  (16, 
attached  ref.  3),  which  provides  molecular  justification  for  the  choice  of  one  of  the  animal 
models  that  will  be  proposed  in  the  new  technical  objective  3.  Thus,  although  the  exact 
aims  delineated  in  the  original  technical  objective  one  were  largely  completed  by  other 
groups,  my  efforts,  and  thus  your  funding,  in  these  other  related  studies  has  contributed  to 
a  better  understanding  of  how  Smads  transduce  the  extracellular  TGF-p  signal  into 
transcriptional  regulation  of  target  genes. 

The  identification  of  Smad  target  genes  involved  in  TGF-p  mediation  growth 
regulation  is  the  focus  of  the  second  aim,  which  is  now  a  combination  of  the  original 
technical  objectives  2  and  3  with  the  following  outlined  modifications.  We  have  recently 
created  a  Smad3  null  mouse  from  which  we  have  generated  Smad3  null  fibroblast  and 
epithelial  cells.  With  these  tools  we  have  definitively  shown  that  Smad3  plays  an  integral 
role  in  TGF-P  mediated  growth  arrest  in  fibroblasts  and  cells  of  epithelial  and  lymphoid 
origins  (4,  attached  ref.  4  and  unpublished  data).  Thus,  although  Smad2  and  4  have  been 
characterized  as  bonafide  tumor  suppressors  due  to  their  characterized  mutations  in 
human  cancers,  it  is  conceivable  that  Smad3  could  play  a  tumor  suppressor  role  in  its 
antiproliferative  capacity.  Technical  objective  2  will  be  carried  out  as  described  with  the 
exception  that  primary  fibroblasts  and  epithelial  cells  derived  from  our  wildtype  Smad3 
animals  will  be  used  in  the  completion  of  these  studies  due  to  the  fact  that  they  should  not 
harbor  undefined  mutations  commonly  generated  in  cell  lines.  We  have  already 
established  adenovirus  constructs  expressing  Smads  2,  3  and  4,  and  have  successfully 
infected  primary  epithelial  cells.  Using  the  aforementioned  primary  cell  systems,  as  well 
as  the  Smad  expressing  adenovirus  constructs,  we  have  made  the  following  steps  in  the 
completion  of  technical  objective  2. 

Since  the  last  annual  report,  it  has  been  discovered  that  one  mechanism  by  which 
TGF-p  inhibits  the  growth  of  primary  fibroblasts  is  through  the  downregulation  of  the 
G1 -phase  type  cyclin,  cyclin  D1  (Figure  2B).  24  hours  of  TGF-P  treatment  results  in  the 
reduction  of  cyclin  D1  protein  levels,  and  it  was  demonstrated  that  this  induced  reduction 
of  cyclin  D1  is  Smad3  dependent.  Furthermore,  the  basal  levels  of  cyclin  D1  in  Smad3 
null  cells  is  markedly  increased  compared  to  wildtype  fibroblasts,  which  is  possibly  due 
to  endogenous  TGF-p  loss  of  function.  Other  previously  identified,  cell  cycle  related 
targets  of  TGF-p  signaling  (eg.  pl5,  p21,  cdc25a)  were  unaltered  in  wildtype  cells,  and 
thus  were  of  no  interest  to  pursue  in  this  cell  system  (Figure  2A).  Additionally,  primary 
epithelial  cells  were  isolated  from  neonatal  epidermis,  as  epithelial  cells  are  a  more 
appropriate  cell  type  in  which  to  study  the  TGF-p  antiproliferative  signal.  Wildtype 
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epithelial  cells  are  growth  inhibited  upon  TGF-P  treatment  86%  compared  to  only  35%  in 
Smad3  null  cells  (Figure  3D).  In  these  cells  the  c-Myc  oncoprotein  is  repressed  at  both 
mRNA  and  protein  levels  by  a  Smad3-dependent  mechanism  (Figure  3A,B,C). 
Furthermore,  adenovirus  mediated  overexpression  of  Smad3  and  Smad3/4  are  sufficient 
for  repression  of  c-Myc  mRNA  (Figure  4). 

Thus,  we  have  demonstrated  in  primary  cells  that  Smad3  is  an  integral  player  in 
the  TGF-p  antiproliferative  signal,  and  that  the  TGF-p  mediated  repression  of  cyclin  D1 
and  c-Myc  are  Smad3  dependent.  We  are  currently  attempting  to  define  the  exact 
mechanism(s)  by  which  Smad3  is  able  to  repress  these  target  genes,  and  thus  whether  this 
observed  repression  is  through  a  direct  effect  mediated  by  Smad3  or  through  undefined 
Smad3  dependent  secondary  effects.  The  ability  of  Smad3  to  transduce  the  TGF-p 
antiproliferative  signal,  possibly  through  the  repression  of  cyclin  D1  and  c-Myc,  may  be 
involved  in  TGF-p  mediated  tumor  suppression  of  early  breast  cancers. 

The  original  technical  objective  3,  to  identify  new  target  genes  regulated  by  the 
Smads,  will  be  carried  out  as  part  of  the  modified  technical  objective  2.  However,  this 
objective  will  be  accomplished  with  a  different  technical  methodology  that  that  originally 
proposed,  i.e.  the  SAGE  (Sequential  Analysis  of  Gene  Expression)  system.  Due  to  the 
availability  of  Smad3  null  cells,  these  cells  will  be  used  to  identify  new  target  genes 
regulated  by  Smad3.  Wildtype  and  Smad3  null  cells  will  be  incubated  in  the  presence 
and  absence  of  TGF-p,  and  mRNA  isolated  after  1-2  hours  of  treatment.  The  isolated 
mRNA  will  then  be  used  to  hybridize  with  commercially  available  cDNA  microarray 
blots,  eg.  the  microarrays  that  Genome  Systems  has  developed,  which  includes  over 
18,000  cDNAs.  This  system  will  be  employed  in  place  of  the  SAGE  system  because 
similar  protocols  have  been  previously  used  in  our  laboratory  and  are  less  technically 
challenging.  Results  will  be  analyzed  with  and  compared  by  the  company’s 
corresponding  computer  software.  Smad3  target  genes  will  be  readily  identified  by 
comparing  results  obtained  from  TGF-p  treated  wildtype  cells  to  those  from  Smad3  null 
cells.  The  comparison  between  untreated  wildtype  and  Smad3  null  cells  will  also  be 
informative.  The  completion  of  this  subaim  of  technical  objective  2  is  pending  allocation 
of  additional  funding  to  purchase  the  Genome  Systems  microarray  technology. 

The  new  third  technical  objective,  which  was  initiated  in  the  second  year  of 
funding  and  will  be  more  intensely  pursued  in  the  final  third  year,  will  be  to  define  the  in 
vivo  role  of  Smad3  in  mouse  models  of  breast  cancer.  The  availability  of  the  Smad3 
null  animals  in  our  laboratory  provides  an  extremely  valuable  tool  to  address  this  line  of 
investigation,  which  I  am  now  taking  advantage  of  in  the  completion  of  this  proposal. 
First  the  mammary  tissue  of  variously  aged,  female  Smad3  null  mice  will  be  compared  to 
that  of  corresponding  wildtype  littermates.  The  tissue  will  be  examined  histologically  for 
signs  of  ductal  epithelium  hyperplasia,  as  well  as  signs  of  more  advanced  carcinomas. 
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Although  it  is  possible  that  no  signs  of  a  predisposition  for  breast  cancer  will  be  observed 
in  Smad3  null  animals,  previous  work  with  TGF-p  receptor  transgenic  animals  suggests 
that  the  Smad3  null  animals  may  indeed  present  with  ductal  epithelial  hyperplasia  and/or 
carcinoma.  It  was  demonstrated  that  the  overexpression  of  a  TGF-P  type  II  dominant 
negative  receptor  in  the  mammary  epithelium  of  transgenic  mice,  which  inhibits 
endogenous  TGF-P  signaling,  results  in  epithelial  hyperplasia  (7).  In  a  separate  study  of 
similar,  independently  derived  transgenic  mice,  it  was  shown  that  carcinogen,  7,12- 
dimethylbenz-[a]-anthracene  (DMBA),  induced  mammary  tumorigenesis  was  enhanced 
compared  to  wildtype  controls  (3).  Furhtermore,  transgenic  mice  harboring  forced 
overexpression  of  the  ligand  TGF-pi  in  mammary  epithelium,  which  results  in  activation 
of  the  TGF-P  pathway,  are  resistant  to  DMBA  induced  breast  cancer  formation.  Given 
the  possibility  that  Smad3  null  mice  alone  may  not  present  with  mammary  epithelium 
hyperplasia  or  evidence  of  breast  cancer  formation,  the  Smad3  null  mice  will  be  treated 
with  DMBA  and  analyzed  in  a  similar  fashion  as  that  of  untreated  mice.  Although,  the 
DMBA  studies  may  not  be  completed  in  the  final  year  of  funding,  I  will  initiate  this  line 
of  inquiry  to  be  completed  by  other  members  of  our  laboratory. 

In  preliminary  histological  analysis  of  Smad3  null  mammary  ductal  epithelial, 
there  has  been  no  overt  evidence  of  hyperplasia,  although  we  are  currently  assessing  in 
vivo  rates  of  breast  epithelial  proliferation  via  BrdU  incorporation.  In  addition,  we  will 
also  determine  if  cyclin  D1  and  c-Myc  protein  levels  are  elevated  in  Smad3  null  breast 
epithelium  through  immunohistochemistry  analysis  given  that  these  genes  are  repressed 
in  a  Smad3  dependent  fashion  in  cultured  primary  cells.  We  have  already  determined 
that  cyclin  D1  and  c-Myc  protein  levels  are  markedly  upregulated  in  Smad3  null  colonic 
epithelium,  indicating  these  two  genes  may  be  important  target  genes  repressed  by 
Smad3  action  in  vivo. 

Finally,  the  Smad3  null  animals  will  be  crossed  into  a  genetically  altered  mouse 
line  predisposed  to  breast  cancer  development  in  further  efforts  to  uncover  a  potential 
role  of  Smad3  in  breast  cancer  tumor  suppression.  These  experiments  will  be 
conceptually  similar  to  those  proposed  with  DMBA  induced  breast  cancer  formation,  yet 
are  more  controlled  as  the  introduced  mutations  will  be  engineered,  whereas  DMBA 
treatment  can  potentially  result  in  multiple,  unknown  mutations.  We  will  focus  our 
efforts  on  the  characterization  of  animals  generated  from  introducing  the  Smad3  null 
background  into  the  APCmin  mouse  model. 

The  APCmin  mouse  harbors  an  inactivating  APC  mutation  and  APC  heterozygote 
mice  develop  colonic  adenomas  with  high  penetrance,  and  mammary  tumorigenesis  with 
lower  incidence  (12).  APC  is  a  tumor  suppressor  protein  that  functions  in  the  wnt 
signaling  pathway  as  a  negative  regulator.  It  serves  to  sequester  (3-catenin  in  the 
cytoplasm,  and  targets  this  transcriptional  activator  for  degradation.  With  a  positive  wnt 
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signal,  or  inappropriate  activation  of  this  pathway  in  a  cancerous  cell,  p-catenin 
translocates  to  the  nucleus  to  from  a  functional  transcriptional  complex  with  the  DNA- 
binding  protein  tcf-4  (13). 

The  wnt  and  TGF-P  pathways  have  long  been  linked  epigenetically  in  both 
antagonistic  and  synergistic  interaction  in  developmental  studies  in  Xenopus  and 
drosophila.  We  have  recent  evidence  that  the  wnt/APC/p-catenin/tcf-4  pathway  and  the 
TGF-p/Smad3  pathway  may  be  antagonistic  on  the  molecular  level,  and  thus  possibly  on 
the  more  global  level  of  cancer  development.  Smad3  was  found  to  interact  with  a  tcf 
family  member  in  a  yeast  two-hybrid  screen  and  directly  interact  with  in  vitro  translated 
tcf-4  (data  not  shown).  The  relevance  of  this  interaction  is  supported  by  the  recent 
demonstration  that  Smad4,  P-catenin  and  Lefl/tcf  directly  interact  to  synergistically 
activate  a  target  gene  involved  in  a  developmental  context  (25).  In  the  context  of  cancer, 
it  was  demonstrated  that  the  TGF-P  and  wnt  pathways  may  act  antagonistically  as 
compound  heterozygosity  of  APCmin  and  Smad4  results  in  enhance  malignancy  of 
colorectal  carcinoma  (27).  It  was  recently  shown  that  cyclin  D1  and  c-Myc  are  direct 
target  genes  of  P-catenin/tcf-4  transcriptional  activation  (26,  28,  29,  30).  These  studies  in 
conjunction  with  our  findings  that  these  genes  are  repressed  by  TGF-p  in  a  Smad3 
dependent  manner  raises  the  possibility  that  these  pathways  may  directly  antagonize  the 
function  of  one  another  in  the  transcriptional  regulation  of  c-Myc  and  cyclin  D1  (Figure 
5).  Although  the  inappropriate  activation  of  this  pathway  is  classically  associated  with 
colon  cancer  development  and  tcf-4  was  first  shown  to  be  highly  expressed  only  in 
colonic  epithelium,  a  recent  report  demonstrates  comparable  levels  of  expression  in 
mammary  epithelium  (1).  Furthermore,  the  inappropriate  activation  of  this  wnt  pathway 
has  been  linked  to  poor  prognosis  in  certain  breast  cancers  (26).  It  is  thus  hypothesized 
that  this  proposed  crossing  of  mice,  which  would  harbor  the  oncogenic  activation  of  the 
wnt  pathway  and  the  loss  of  the  potentially  tumor  suppressive  Smad3  pathway,  will  result 
in  more  severe  breast  and  colon  cancer  formation  than  that  seen  in  APC  heterozygote 
animals  alone.  The  molecular  mechanisms  involved  in  the  potential  antagonistic 
relationship  between  the  TGF-P  and  wnt  pathways  will  be  studied  on  a  cellular  and 
molecular  level  with  the  aid  of  cells  isolated  from  the  aforementioned  mouse 
crossing, and  retroviral  constructs  overexpressing  (3-catenin,  tcf-4  and  Smad  proteins. 
These  retrovirus  constructs  are  currently  under  construction. 
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Transcriptional  activation/repression 
of  target  genes 


Figure  2A.  Figure  2B.  TGF-b  mediated  repression 

cyclin  D1  is  Smad3  dependent  in  MEFs. 
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Figure  3.  TGF-(3  mediated  growth  inhibition  and  c-Myc 
repression  is  Smad3  dependent  in  keratinocytes. 


Smad  4 


Figure  4.  Adenoviral  transfer  of  Smads  repress  c-Myc  mRNA 


Figure  5.  A  model  for  antagonistic  crosstalk  between  the  TGF-p  and  wnt 

signaling  pathways. 


Key  Research  Accomplishments 


•  Smad3  and  4  and  the  transcription  factor  family  of  proteins,  AP-1,  synergize  in  the 
transcriptional  activation  of  the  cJun  promoter  by  TGF-p. 

•  Smads  and  the  transcription  factor  family  of  proteins,  AP-1,  directly  interact  with  one 
another. 

•  TGF-p  induced  phosphorylation  of  Smad3  facilitates  its  interaction  with  the 
transcriptional  coactivators  p300/Creb  Binding  Protein  (CBP). 

•  Smad3  is  an  integral  component  of  TGF-p  mediated  growth  inhibition  in  primary 
epithelial  cells  and  fibroblasts. 

•  Smad3  is  essential  for  the  TGF-p  mediated  repression  of  cyclin  D1  and  c-Myc  in 
primary  cells. 
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Transcriptional  regulation  by  transforming  growth  factor  p  (TGF-p)  is  a  complex  process  which  is  likely  to 
involve  cross  talk  between  different  DNA  responsive  elements  and  transcription  factors  to  achieve  maximal 
promoter  activation  and  specificity.  Here,  we  describe  a  concurrent  requirement  for  two  discrete  responsive 
elements  in  the  regulation  of  the  c-Jun  promoter,  one  a  binding  site  for  a  Smad3-Smad4  complex  and  the  other 
an  AP-1  binding  site.  The  two  elements  are  located  120  bp  apart  in  the  proximal  c-Jun  promoter,  and  each  was 
able  to  independently  bind  its  corresponding  transcription  factor  complex.  The  effects  of  independently 
mutating  each  of  these  elements  were  nonadditive;  disruption  of  either  sequence  resulted  in  complete  or  severe 
reductions  in  TGF-p  responsiveness.  This  simultaneous  requirement  for  two  distinct  and  independent  DNA 
binding  elements  suggests  that  Smad  and  AP-1  complexes  function  synergistically  to  mediate  TGF-P-induced 
transcriptional  activation  of  the  c-Jun  promoter. 


Transforming  growth  factor  p  (TGF-p)  is  a  multifunctional 
cytokine  with  a  wide  range  of  physiological  as  well  as  patho¬ 
logical  effects  (reviewed  in  references  31  and  42).  Its  physio¬ 
logical  roles  include  inhibition  of  the  proliferation  of  a  variety 
of  cell  types,  negative  regulation  of  the  immune  system,  and 
positive  regulation  of  extracellular  matrix  deposition.  Dysregu- 
lation  of  these  processes  can  result  in  various  fibrotic  as  well  as 
malignant  diseases.  Indeed,  many  late  stage  cancers  have  lost 
expression  of  TGF-p  receptors,  which  renders  them  resistant 
to  TGF-p-mediated  growth  inhibition  (19,  29,  36,  38,  50,  55); 
restoration  of  TGF-p  pathways  in  these  cells  can  often  restore 
growth  inhibition  and  decrease  the  malignant  phenotype. 
TGF-p-mediated  immune  system  suppression  and  stimulation 
of  extracellular  matrix  (ECM)  production  may  also  contribute 
to  tumor-promoting  effects. 

Regulation  of  transcription  of  specific  sets  of  genes  by 
TGF-p  mediates  many  of  these  physiological  roles.  Upregula- 
tion  of  two  cyclin-dependent  kinase  inhibitor  genes,  p21  and 
pl5,  has  been  shown  to  mediate  TGF-p-induced  growth  arrest 
in  certain  cell  types  (7,  12,  41),  while  upregulation  of  ECM 
genes,  including  plasminogen  activator  inhibitor  1  (PAI-1), 
fibronectin,  and  collagen  genes,  may  mediate  other  effects  of 
TGF-p.  However,  many  of  the  genes  regulated  by  TGF-p  are 
also  regulated  by  a  variety  of  other  signals,  including  some 
signals  which  appear  to  play  very  distinct  roles  at  the  physio¬ 
logical  level.  Of  particular  note  is  a  subset  of  TGF-p  immedi¬ 
ate-response  target  promoters,  including  the  TGF-pl  ligand 
gene  and  most  of  the  TGF-p-responsive  extracellular  matrix 
genes,  in  which  AP-1  binding  sites  have  been  found  to  be 
involved  in  mediating  the  TGF-p  signal  (4,  22,  51).  The  use  of 
AP-1  sites  in  TGF-p-dependent  transcription  has  been  partic¬ 
ularly  puzzling,  given  the  extensively  described  mitogenic  sig¬ 
naling  pathways  which  also  activate  transcription  through 
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AP-1;  the  mechanism  by  which  TGF-p  regulates  these  pro¬ 
moter  sequences  has  not  been  clarified.  An  additional  level  of 
complexity  is  introduced  by  the  regulation  by  TGF-p  of  the 
expression  of  AP-1  family  members  themselves.  This  suggests 
that  there  can  be  both  primary  and  secondary  effects  on  tran¬ 
scription  through  AP-1  by  TGF-(3. 

The  regulation  of  AP-1  transcription  factors  by  TGF-p  var¬ 
ies  with  the  specific  family  member  and  with  cell  type.  The 
upregulation  of  c-Jun  transcript  occurs  in  a  wide  range  of  cell 
lines  derived  from  both  normal  and  transformed  cells.  This 
response  to  TGF-p  is  early  and  immediate,  with  mRNA  in¬ 
duced  within  15  to  30  min.  While  cycloheximide  studies  have 
been  inconclusive,  due  to  the  inducing  effects  of  the  cyclohex¬ 
imide  itself  on  c -jun  transcription,  the  time  course  of  induction 
strongly  suggests  that  this  gene  could  be  a  primary  target  of 
TGF-p  (24,  26,  39),  which  is  supported  by  the  current  study 
describing  specific  promoter  elements  capable  of  mediating 
TGF-p’s  induction  of  c-Jun. 

The  model  for  TGF-p  activation  of  transcription  continues 
to  undergo  rapid  development.  The  Smads  are  a  recently  iden¬ 
tified  family  of  proteins  which  operate  downstream  of  various 
members  of  the  TGF-p  superfamily  (reviewed  in  references  13, 
14,  23,  30,  and  37).  Smad2  and  Smad3  are  downstream  effec¬ 
tors  of  the  TGF-p  signaling  pathway.  Upon  ligand  binding, 
they  are  phosphorylated  by  the  TGF-p  type  I  receptor  kinase 
and  translocate  to  the  nucleus  in  a  complex  with  Smad4  (28, 35, 
59).  Recent  work  has  identified  a  potential  consensus  Smad3- 
Smad4  DNA  binding  site,  GTCTAGAC  (58),  by  random  oli¬ 
gonucleotide  screening,  as  well  as  similar  sequences  in  the 
PAI-1  promoter  (9),  the  engineered  TGF-p-responsive  re¬ 
porter  construct,  p3TP-lux  promoter  (57),  the  JunB  promoter 
(18),  and  the  COL7A1  collagen  promoter  (54).  It  was  found 
that  four  copies  of  the  oligonucleotide  consensus  site  or  nine 
copies  of  the  PAI-1  site  could  confer  TGF-p  responsiveness  on 
a  minimal  promoter.  In  addition,  mutation  of  all  three  putative 
Smad3-Smad4  binding  sites  in  the  PAI-1  promoter  could  elim¬ 
inate  TGF-p  responsiveness  of  that  promoter  in  HepG2  cells. 

Although  these  studies  demonstrate  the  importance  of 
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Smad3-Smad4  binding  sites  in  the  mediation  of  TGF-p  respon¬ 
siveness,  they  do  not  fully  address  the  issue  of  whether  binding 
elements  for  other  transcription  factors  are  also  required  for 
TGF-p-mediated  transcriptional  activation  of  target  promot¬ 
ers.  Biochemical  and  overexpression  studies  have  demon¬ 
strated  that  Smads  are  capable  of  functional  interaction  with 
Spl  (33)  and  with  AP-1;  in  fact,  direct  physical  interaction 
between  Smads  and  AP-1  family  members  has  been  demon¬ 
strated  in  model  systems  (27,  60).  Cooperation  between 
Smad2-Smad4  complexes  and  FAST-1  has  been  demonstrated 
at  an  activin  responsive  Xenopus  promoter  (2,  3).  Finally,  a 
very  recent  study  reports  that  a  binding  site  for  the  transcrip¬ 
tion  factor  muE3  (TFE3),  as  well  as  one  for  Smad3  and  Smad4, 
is  required  for  TGF-p-mediated  transcription  of  a  reporter 
controlled  by  a  specific  region  of  the  PAI-1  promoter  (16). 

While  the  TGF-p-responsive  elements  in  the  c-Jun  pro¬ 
moter  have  not  previously  been  characterized,  extensive  work 
has  established  the  importance  of  two  AP-l/CRE  sequences  in 
the  c-Jun  promoter  in  regulation  by  phorbol-12-myristate- 13- 
acetate  (TP A),  serum,  UV,  E1A,  and  interleukin  1  (IL-1)  (1, 
15,  34, 43, 53).  Furthermore,  a  reporter  construct  controlled  by 
the  -79  to  +170  sequence  of  the  c-Jun  promoter,  which  con¬ 
tains  only  the  more  proximal  AP-l/CRE  site  (-71  to  -64),  has 
proved  sufficient  for  a  maximal  response  to  most  of  these 
signals.  Interestingly,  none  of  these  stimuli  appears  to  change 
the  occupancy  of  any  identified  binding  sites  in  the  c-Jun  pro¬ 
moter.  Thus,  the  prevailing  model  of  activation  by  these  other 
signals  is  thought  to  be  through  modification  of  a  constitutively 
promoter-bound  complex,  in  most  cases  c-Jun-ATF-2. 

Here,  we  identify  two  DNA  binding  elements  within  this 
-79  to  +170  region  which  are  indispensable  in  TGF-p-medi- 
ated  induction  of  c-Jun:  the  proximal  AP-l/CRE  site  known  to 
be  important  for  the  response  to  several  other  signals,  and  a 
novel  Smad3/Smad4  binding  site.  Mutation  of  either  site  alone 
is  found  to  abolish  or  severely  reduce  promoter  upregulation 
by  TGF-p,  despite  the  presence  of  the  remaining  element.  Our 
results  suggest  that  the  two  complexes  can  cooperate  synergis- 
tically  in  activating  TGF-p-mediated  transcription  of  this  c-Jun 
promoter  region. 

MATERIALS  AND  METHODS 

Antibodies  and  reagents.  Human  TGF-pl  was  from  R&D  Systems.  Rabbit 
polyclonal  antisera  recognizing  Smad3  and  Smad4  were  generated  in  this  lab. 
Smad3  antiserum  was  raised  against  a  specific  Smad3  peptide  (DAGSPNLSPN- 
PMSPAHNNLD),  while  Smad4  antiserum  was  raised  against  full-length  human 
glutathione  S-transferase-Smad4. 

Cell  culture.  Mink  lung  epithelial  cells  and  primary  mouse  embryo  fibroblasts 
(MEFs)  were  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
supplemented  with  10%  fetal  bovine  serum  (FBS),  nonessential  amino  acids, 
penicillin,  and  streptomycin.  Immortalized  human  keratinocyte  cells  (HaCaT) 
were  grown  in  MEM  supplemented  with  10%  FBS,  penicillin  and  streptomycin, 
and  20  mM  L-glutamine.  Primary  fibroblasts  were  harvested  from  day- 14  em¬ 
bryos.  Embryos  were  mechanically  disrupted  by  passage  through  an  18-gauge 
needle  and  plated  on  gelatin-coated  10-cm-diameter  plates  in  DMEM  with  20% 
heat-inactivated  FBS,  penicillin,  streptomycin,  and  gentamicin  (Gibco  BRL, 
Gaithersburg,  Md.).  When  confluent,  cells  were  trypsinized  and  further  main¬ 
tained  in  DMEM  with  10%  FBS.  The  targeted  disruption  of  the  Smad3  allele  in 
these  mice  and  the  characterization  of  their  phenotype  are  described  elsewhere 
(6). 

Plasmid  constructs.  Flag-tagged  human  Smad4  was  a  generous  gift  from  Rik 
Derynck.  Human  pCGN  Smad3  was  described  previously  (57).  The  c-Jun  lucif- 
erase  reporter  containing  the  -79  to  +170  sequence  of  the  human  c-Jun  pro¬ 
moter  was  generously  provided  by  Bin  Su  (48).  The  rest  of  the  promoter  mutants 
and  3'  deletion  constructs  were  made  by  PCR  mutagenesis  using  the  following 
primer  sets:  as  5'  primers,  wild  type,  5'CCC  AAG  CTT  GGC  CTT  GGG  GTG 
ACA  TCA  TGG  GC3';  AP-l/CRE  mutant,  5'CCC  AAG  CTT  GGC  CTT  GGG 
GAT  CCA  CCA  TGG  GCT  ATT  TTT  AGG  GG3';  and  as  3'  primers,  wild  type, 
5 'AAA  CTG  CAG  GCC  GAC  CTG  GCT  GGC  TGG  CTG  TGT  CTG  TCT 
GTC3';  mutant,  5 'AAA  CTG  CAG  GCC  GAC  CTG  GCT  GGC  TGG  CTG 
TTC  CAA  GCT  CCT  TGC  CTG  ACT  CCG3'.  A  Hindlll  site  was  engineered 
into  the  5'  end  of  each  PCR  product,  and  a  Pstl  site  was  engineered  into  the  3' 


end  of  each  PCR  product.  PCR  products  were  subcloned  into  pGEMT  (Pro- 
mega,  Madison,  Wis.),  and  then  the  Hindlll/Pstl  fragments  were  purified  on  an 
agarose  gel,  extracted  with  a  QIAEX  II  gel  extraction  kit  (Qiagen  Inc.,  Santa 
Clarita,  Calif.),  and  subcloned  back  into  the  Hindlll  and/M  sites  flanking  the  5' 
and  3'  ends,  respectively,  of  the  -79  to  +170  sequence  insert  in  the  -79  to  +170 
Iuciferase  reporter  construct.  Constructs  were  verified  by  restriction  digestion 
with  Hindlll/Pstl  and  by  sequencing. 

Transfection  and  Iuciferase  assays.  Transient  transfections  were  performed 
with  the  standard  DEAE-dextran  method  and  the  Iuciferase  activity  was  mea¬ 
sured  24  h  after  the  addition  of  100  pM  human  TGF-(31  as  described  previously 
(8).  For  all  experiments,  3  jxg  of  the  indicated  Iuciferase  reporter  and,  when 
indicated,  1  pg  of  Smad3  expression  vector  were  used  (57).  Total  DNA  was  kept 
constant  by  using  empty  pCGN  vector.  All  transfections  were  normalized  to 
(3-galactosidase  activity  by  cotransfection  of  0.5  pg  of  a  (3-galactosidase  (pCMV- 
(3 -Gal)  expression  vector.  The  Iuciferase  data  shown  are  representative  of  exper¬ 
iments  performed  in  duplicate  in  at  least  three  independent  experiments. 

Nuclear  extracts.  Nuclear  lysates  were  prepared  from  control  and  TGF-f31- 
treated  cells.  Briefly,  confluent  cells  from  10-cm-diameter  dishes  were  washed 
twice  with  phosphate-buffered  saline.  After  washing,  5  ml  of  ice-cold  hypotonic 
lysis  buffer  was  added  (20  mM  HEPES  [pH  7.6],  20%  glycerol,  10  mM  NaCl,  1.5 
mM  MgCl2,  0.2  mM  EDTA,  0.1%  Triton  X-100,  25  mM  NaF,  25  mM  (3-glycer¬ 
ophosphate,  1  mM  phenylmethylsulfonyl  fluoride,  1  mM  sodium  orthovanadate, 
1  mM  dithiothreitol,  and  protease  inhibitors).  The  cells  were  allowed  to  swell  on 
ice  for  5  min  before  they  were  scraped  and  collected.  Nuclei  were  pelleted  by 
centrifugation  at  500  rpm  in  a  Beckman  swinging-bucket  tabletop  centrifuge  for 
5  min  and  resuspended  in  100  to  200  pi  of  nuclear  extraction  buffer  (hypotonic 
buffer  plus  500  mM  NaCl).  After  incubation  and  rocking  at  4°C,  the  lysates  were 
cleared  of  debris  by  centrifugation. 

Western  blot  analysis.  Western  blot  analysis  for  c-Jun  was  performed  on 
nuclear  lysates  prepared  from  MEFs.  Prior  to  treatment  with  TGF-p  1  for  the 
indicated  times,  cells  were  serum  starved  for  12  h  in  DMEM-0.2%  FBS.  Equal 
protein  amounts  were  resolved  by  sodium  dodecyl  sulfate-10%  polyacrylamide 
gel  electrophoresis,  and  Western  blotting  was  performed  with  a  1:1,000  dilution 
of  the  rabbit  polyclonal  antibody  a-c-Jun  (9162)  from  New  England  Biolabs,  Inc. 
(Beverly,  Mass.). 

EMSAs.  Electrophoretic  mobility  shift  assays  (EMSAs)  were  performed  by 
using  1  to  3  pg  of  nuclear  extracts  prepared  from  untreated  cells  or  cells  treated 
with  100  pM  TGF-p  1  for  1  h  and  probes  derived  from  a  Sacl/BamHl  fragment 
of  Iuciferase  construct  containing  the  c-Jun  sequence  from  -79  to  +170.  The 
digest  produced  two  fragments  of  the  c-Jun  promoter  that  consist  of  the  se¬ 
quences  from  —79  to  -19  and  —18  to  +170.  Gel  shift  conditions  were  exactly  as 
previously  described  (57).  For  supershift  analysis  of  Smads,  2  pi  of  Smads  3  and 
4  immune-phase  and  preimmune-phase  antisera  and  2  pg  of  Smad2  (S-20-X)  or 
Smad4  (C-20-X)  antibodies  from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz, 
Calif.),  were  used.  For  other  supershifts,  2  pg  of  anti-c-Jun  (KM-l-X),  ATF-2 
(FRBR-l-X  and  C-19-X),  and  CREB  (C21-X  and  24H4B-X)  from  Santa  Cruz 
Biotechnology,  Inc.,  were  used.  The  sequences  of  the  competitor  oligonucleo¬ 
tides  used  to  identify  the  Smad  binding  site  are  shown  in  Fig.  3A.  The  sequence 
of  the  competitor  oligonucleotide  containing  a  CREB/ATF  binding  site  (CRE) 
was  5'-AGA  GAT  TGC  CTG  ACG  TCA  GGA  GCT  AG-3'  and  its  comple¬ 
mentary  strand.  The  sequence  of  the  mutated  CRE  site  was  5'-AGA  GAT  TGC 
CTG  TGG  TCA  GAG  AGC  TAG-3'.  Where  results  for  only  one  lysate  are 
shown,  similar  results  were  obtained  for  both  HaCaT  lysates  and  mink  lung 
lysates. 

RESULTS 

TGF-p  treatment  induces  DNA  binding  of  a  Smad3-  and 
Smad4-containing  complex  to  a  sequence  in  the  3'  region  of 
the  c-Jun  promoter.  An  increase  in  c-Jun  mRNA  level  has 
been  previously  observed  within  15  to  30  min  of  TGF-p  treat¬ 
ment  in  a  variety  of  cell  types  (24,  39,  49).  In  order  to  confirm 
the  induction  of  endogenous  c-Jun  by  TGF-p,  we  performed 
Northern  analysis  of  RNA  and  Western  analysis  of  nuclear 
extracts  isolated  from  similarly  treated  cells.  In  both  mink  lung 
epithelial  cells  (MvlLu)  and  HaCaT  cells,  the  level  of  c-Jun 
transcript  increased  within  1  h  of  TGF-p  treatment  and  protein 
levels  were  dramatically  increased  within  2  h  of  TGF-p  treat¬ 
ment  (data  not  shown),  confirming  that  the  induction  of  c-Jun 
by  TGF-p  occurs  in  these  cells  and  is  likely  to  be  an  early 
response.  The  induction  by  TGF-p  was  most  evident  in  MvlLu 
cells  if  the  cells  were  serum  starved  overnight  before  addition 
of  TGF-p,  since  the  c-Jun  transcript  is  upregulated  by  serum. 

To  aid  in  defining  TGF-p  responsive  elements  in  the  human 
c-Jun  promoter,  we  next  obtained  a  Iuciferase  reporter  con¬ 
struct  under  control  of  the  sequence  from  -79  to  +170  of  the 
c-Jun  promoter  (48).  This  region,  diagrammed  in  Fig.  1A, 
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FIG.  1.  The  -79  to  +170  region  of  the  human  c-Jun  promoter  is  sufficient  to  convey  TGF-0  and  Smad3  responsiveness  to  a  luciferase  reporter.  (A)  Schematic 
representation  of  the  -79  to  +170  luciferase  reporter.  (B)  The  reporter  was  transiently  transfected  into  MvlLu  or  HaCaT  cells,  and  TGF-f+induced  luciferase  activity 
was  measured  in  relative  light  units  (luciferase  units).  Fold  inductions  are  indicated  above  the  bars  and  were  calculated  by  comparing  the  luciferase  activities  of  cells 
treated  with  TGF+  and  those  of  untreated  controls. 


contains  the  proximal  AP-l/CRE  site  and  the  adjacent  AT-rich 
sequence  (a  putative  RSRF  [related  to  serum  response  factor] 
site)  which  is  important  in  epidermal  growth  factor  (EGF) 
induction  of  c-Jun,  as  well  as  the  native  TATA  box  and  ap¬ 
proximately  170  bp  of  the  sequence  3'  of  the  start  site.  As 
mentioned  above,  this  region  was  sufficient  to  convey  maximal 
responsiveness  to  UV,  TP  A,  EGF,  and  serum.  We  transiently 
transfected  this  construct  into  MvlLu  and  HaCaT  cells,  and 
measured  luciferase  activity  after  TGF-p  treatment.  As  shown 
in  Fig.  IB,  the  construct  was  highly  responsive  to  TGF-p, 
giving  4.6-fold  induction  in  MvlLu  cells  and  14.8-fold  induc¬ 
tion  in  HaCaT  cells. 

Having  determined  that  the  -79  to  +170  portion  of  the 
c-Jun  promoter  was  sufficient  to  convey  TGF-p  responsiveness, 
we  next  examined  whether  the  mechanism  of  activation  might 
involve  induction  of  Smad  DNA  binding  to  a  site  in  this  region. 
We  performed  an  EMSA  by  using  a  5'  portion  or  a  3'  portion 
of  the  -79  to  +170  region  as  a  probe  (Fig.  2A)  and  nuclear 
extracts  from  HaCaT  cells  treated  for  1  h  with  TGF-p.  The 
-79  to  -19  probe  bound  two  complexes  (small  arrows),  and 
no  change  was  observed  upon  TGF-p  treatment  (Fig.  2B).  On 
the  other  hand,  the  -18  to  +170  probe  bound  a  complex  that 
was  strongly  induced  by  TGF-p  treatment  (Fig.  2C).  This  in¬ 
duced  complex  appeared  within  30  min  of  TGF-p  treatment 
and  was  still  present  at  2  h  (data  not  shown).  Using  an  anti¬ 
serum  specific  to  Smad3  as  well  as  an  antiserum  and  commer¬ 
cial  antibody  specific  to  Smad4,  we  were  able  to  supershift  the 
induced  complex,  indicating  the  presence  of  both  Smad3  and 
Smad4  in  the  complex.  No  supershift  was  seen  with  the  corre¬ 
sponding  preimmune-phase  antisera,  and  a  commercially  avail¬ 


able  Smad2  antibody  also  failed  to  cause  a  supershift  (Fig.  2C). 
Similar  results  were  obtained  with  nuclear  extracts  from 
MvlLu  cells  (data  not  shown). 

These  results  establish  the  existence  of  a  Smad3-Smad4 
binding  site  contained  within  the  —18  to  +170  region  of  the 
c-Jun  promoter.  The  binding  of  Smad3-Smad4  is  rapidly  in¬ 
duced  upon  TGF-p  treatment,  with  a  time  course  consistent 
with  that  of  Smad  phosphorylation  and  subsequent  transloca¬ 
tion  to  the  nucleus  (see  references  14  and  23  for  reviews).  In 
contrast,  the  pattern  of  binding  to  the  —79  to  —19  region  of  the 
promoter  is  unchanged  upon  TGF-p  treatment. 

The  Smad3-Smad4  binding  site  in  the  c-Jun  promoter  is  a 
CAGA  triplet  located  3'  of  the  TATA  box.  In  order  to  identify 
the  Smad3-Smad4  binding  site  within  the  —18  to  +170  region, 
four  oligonucleotides  scanning  this  sequence  (Fig.  3A)  were 
used  as  cold  competitors  in  the  EMSA.  Only  the  +35  to  +83 
region  was  found  to  compete  with  the  binding  of  the  induced 
complex  (Fig.  3B).  When  the  oligonucleotide  for  this  region 
was  cut  at  a  convenient  Hinfl  site  and  the  two  halves  were 
compared,  binding  could  be  further  localized  to  the  +53  to 
+83  region.  Three  mutant  competitor  oligonucleotides  of  the 
+53  to  +83  region  were  then  designed.  We  had  noted  a  se¬ 
quence  in  the  middle  of  this  region,  ACAGACAGACAGAC 
ACAG,  which  bore  great  similarity  to  repeats  of  the  Smad  box 
as  identified  by  previous  studies  (9,  57,  58)  and  was  recently 
confirmed  by  the  crystal  structure  of  MH1-Smad3  bound  to  the 
CAGA  box  (47).  Therefore,  we  made  mutations  to  disrupt 
either  this  potential  Smad  binding  site  or  the  sequence  5'  or  3' 
of  it  within  the  +53  to  +83  region.  Of  the  three,  only  the 
CAGA  mutant  oligonucleotide  had  lost  its  ability  to  compete 


1824  WONG  ET  AL. 


Mol.  Cell.  Biol. 


A 


+1, 


►  170 


-79 

AP1/CRE 


_ n  l  i 

TATA 

LUCIFERASE 

-19/-18 


->+170 


B 


TGF-B:  ■  ♦ 


c 


TGF-B; 


Supershift  Antibodies: 

no  Ab  uStngdS  Pf  a3  «Smad4  Pfg4  »Sirnd4(C)  aSm«d?(C) 


Smad3/4 _ ^ 

complex 


kv 

m 


M 


I* 


it 


-79  to  -19  Probe 


-18  to  +170  Probe 


FIG.  2.  EMSAs  showing  induced  binding  of  a  Smad3-  and  Smad4-containing  complex  to  the  3'  region  of  the  human  c-Jun  promoter.  (A)  Schematic  representation 
of  the  -79  to  +170  region  of  the  c-Jun  promoter  showing  the  probes  used  for  EMSAs.  (B)  EMSA  was  performed  by  using  a  radiolabeled  restriction  fragment  spanning 
the  -79  to  -19  region  of  the  c-Jun  promoter  and  nuclear  lysates  from  either  untreated  HaCaT  cells  or  HaCaT  cells  treated  with  TGF+1  for  1  h.  Two  constitutively 
binding  complexes  are  indicated  with  arrows.  (C)  EMSA  was  performed  by  using  a  radiolabeled  restriction  fragment  spanning  the  -18  to  +170  region  of  the  c-Jun 
promoter  and  the  same  HaCaT  lysates.  A  complex  that  shows  binding  induced  by  TGF-|3  treatment  is  indicated  with  an  arrow.  Supershifts  were  performed  using 
antiserum  against  Smad3  or  Smad4,  shown  with  their  corresponding  preimmune-phase  antiserum  (Prea3  and  Prea4)  or  with  commercial  antibodies  against  Smad4 
[aSmad4(C)]  and  Smad2  [aSmad2(C)]. 


with  binding  of  the  induced  complex  (Fig.  3B  and  data  not 
shown),  indicating  that  this  mutation  had  disrupted  the  Smad 
binding  site.  Confirming  this,  a  -18  to  +170  probe  containing 
mutated  CAGA  sequence  was  shown  to  no  longer  bind  the 
induced  Smad3-Smad4  complex  (Fig.  3C).  From  these  exper¬ 
iments  we  concluded  that  the  Smad3-Smad4  binding  site  was 
located  at  the  CAGA  repeats  within  the  +62  to  +73  region  of 
the  c-Jun  promoter.  These  results  also  established  that  no 
other  sequences  in  the  -18  to  +170  region  are  absolutely 
required  for  DNA  binding  of  the  induced  complex  containing 
Smad3-Smad4. 

Mutation  of  the  Smad3-Smad4  binding  site  in  the  c-Jun 
promoter  abrogates  responsiveness  to  TGF-p.  Having  identi¬ 
fied  the  Smad3-Smad4  binding  site  in  the  c-Jun  promoter,  we 
set  out  to  determine  its  importance  in  mediating  the  TGF-p 
response.  Using  PCR  mutagenesis,  we  created  a  -79  to  +94 
wild-type  reporter  and  corresponding  -79  to  +94  mutant  re¬ 
porters  (Fig.  4A).  We  found  that  the  wild-type  -79  to  +94 
reporter  was  induced  by  TGF-p  11-fold  and  5.1-fold  in  HaCaT 
cells  and  MvlLu  cells,  respectively.  Mutation  of  the  CAGA 
sequences  reduced  the  response  to  2.7-fold  and  2.3-fold,  re¬ 
spectively  (Fig.  4B  and  C).  This  demonstrates  that  the  Smad3- 
Smad4  binding  site  is  important  for  response  to  TGF-p  in  the 
context  of  this  c-Jun  promoter  construct. 

Although  these  findings  indicate  that  the  identified  Smad3- 
Smad4  binding  site  is  critical  in  conferring  a  complete  response 
to  TGF-p,  there  is  a  small  degree  of  responsiveness  which 
remains  after  mutation  of  the  Smad3-Smad4  binding  site.  It  is 
possible  that  the  remaining  TGF-p  responsiveness  is  mediated 


through  the  AP-l/CRE  site  at  the  -71  to  —64  region  of  the 
c-Jun  promoter  in  a  manner  similar  to  that  observed  in  our 
previous  study  of  the  4XTRE  reporter  (57). 

TGF-p  induction  and  induced  complex  binding  are  lost  in 
Smad3-deficient  MEFs.  The  recent  creation  of  Smad3-defi- 
cient  mice  (6)  has  introduced  a  powerful  new  tool  for  studying 
the  functional  importance  of  Smad3  in  isolation.  We  first  com¬ 
pared  induction  by  TGF-p  of  endogenous  c-Jun  in  primary 
MEFs  established  from  Smad3+/+  and  Smad3_/_  mice.  Pri¬ 
mary  MEFs  were  serum  starved  for  12  h  and  treated  with 
TGF-p  for  4  h,  and  then  nuclear  lysates  were  prepared.  As 
shown  by  Western  blot  analysis,  induction  by  TGF-p  of  total 
c-Jun  protein  levels  is  lost  in  Smad3_/“  MEFs  whereas  that  in 
Smad3+/+  MEFs  is  intact  (Fig.  5A). 

We  next  investigated  the  ability  of  exogenous  Smad3  expres¬ 
sion  to  rescue  c-Jun  reporter  induction  in  Smad3  null  fibro¬ 
blasts.  Smad3+/“  and  Smad3_/_  MEFs  were  transfected  with 
-79  to  +170  reporter  with  empty  vector  or  with  a  Smad3 
expression  vector.  Note  that  Smad3+/“  MEFs  express  Smad3 
and  that  they  activate  representative  responses  to  TGF-p  to  an 
extent  similar  to  Smad3+/+  MEFs  (6).  The  c-Jun  promoter  was 
induced  approximately  threefold  by  TGF-P  treatment  in 
Smad3+/~  fibroblasts  (Fig.  5B),  which  is  comparable  to  the 
fold  induction  of  other  TGF-p -responsive  promoters  examined 
in  these  cells  (6).  However,  in  Smad3-/_  MEFs,  TGF-p  failed 
to  induce  reporter  activity  (Fig.  5B).  Although  the  uninduced 
overall  activity  is  lower  in  the  null  cells,  the  full  threefold 
induction  by  TGF-p  was  restored  upon  cotransfection  with 
Smad3.  This  establishes  the  absence  of  Smad3  as  the  defect 
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FIG.  3.  The  Smad3-Smad4  binding  site  in  the  human  c-Jun  promoter  is  identified  as  a  CAGA  triplet  located  3'  of  the  TATA  box.  (A)  Schematic  diagram  of  the 
-79  to  +170  region  of  the  c-Jun  promoter.  Four  oligonucleotide  sequences,  named  A  through  D,  were  designed  to  span  the  -18  to  +170  region  of  the  promoter.  An 
additional  oligonucleotide  bearing  a  mutation  in  a  CAGA  triplet  from  +62  to  +73  (BMUT)  is  also  diagrammed  (see  text  for  additional  discussion).  The  mutation 
changed  the  sequence  from  GACAGACAGACA  to  AGGAGCTTGCAA.  (B)  EMSA  was  performed  by  using  the  same  -18  to  +170  probe  and  HaCaT  lysates  as 
described  for  Fig.  2.  A  100-fold  molar  excess  of  unlabeled  oligonucleotides  was  incubated  with  the  nuclear  lysates  before  addition  of  radiolabeled  probe,  in  order  to 
compete  with  binding.  The  induced  Smad3-Smad4  binding  complex  is  indicated  with  an  arrow.  (C)  EMSA  was  performed  by  using  nuclear  lysates  from  untreated  mink 
lung  cells  or  mink  lung  cells  treated  with  TGF-pl  for  1  h  and  the  same  -18  to  +170  probe.  Radiolabeled  probe  was  either  the  wild-type  sequence  from  -18  to  +170 
or  the  mutated  sequence  from  +62  to  +73  (the  CAGA  triplet). 


responsible  for  loss  of  c-Jun  promoter  activation  in  these  cells, 
and  this  result  demonstrates  that  Smad3  is  absolutely  and 
specifically  required  for  c-Jun  promoter  regulation  by  TGF-p. 

Finally,  we  looked  at  DNA  binding  to  the  Smad3-Smad4  site 
in  the  absence  of  Smad3,  to  determine  whether  Smad3  was 
indeed  required  for  binding  of  the  TGF-p-induced  complex. 
An  EMSA  was  performed  by  using  the  wild-type  -18  to  +170 
probe  containing  the  Smad3-Smad4  binding  site  (see  Fig.  2A). 
Induced  complex  binding  was  observed  in  Smad3+/“  fibro¬ 
blasts,  but  no  induced  complex  was  seen  in  Smad3“/_  fibro¬ 
blasts  (Fig.  5C).  This  suggests  that  Smad3  is  not  only  present  in 
but  also  critical  to  the  formation  of  the  DNA  binding  complex 
which  is  induced  upon  TGF-p  treatment.  The  correlation  be¬ 
tween  loss  of  the  induced  complex  and  loss  of  endogenous 
c-Jun  induction  and  c-Jun  reporter  activation  further  supports 
the  importance  of  the  induced  Smad3-Smad4  binding  complex 
to  TGF-p  regulation  of  c-Jun  transcription,  as  well  as  firmly 
establishing  the  requirement  for  Smad3  in  this  process. 

Mutation  of  an  AP-l/CRE  site  can  independently  abrogate 
TGF-p  responsiveness  of  the  c-Jun  promoter.  The  AP-l/CRE 
site  at  —71  to  —64  has  previously  been  shown  to  be  important 
for  induction  of  c-Jun  by  other  signals  (1,  15,  34,  53).  A  con¬ 
sensus  AP-1  site  was  also  shown  to  be  not  only  necessary  but 
also  sufficient  for  TGF-p  and  Smad  responsiveness  in  the  con¬ 
text  of  a  multimerized  TRE  reporter  (57),  and  mutation  of  the 


Smad3-Smad4  binding  site  in  the  c-Jun  promoter  eliminated 
nearly  all  but  not  all  TGF-p  responsiveness  (Fig.  4).  While  a 
recent  study  by  Dennler  et  al.  (9)  established  the  importance  of 
three  Smad3-Smad4  binding  sites  in  TGF-p  regulation  of  the 
PAI-1  promoter,  it  did  not  address  whether  the  AP-l-like  sites 
present  in  the  promoter  (21)  may  also  be  important  for  TGF-p 
regulation  in  that  context.  In  order  to  investigate  the  impor¬ 
tance  of  the  AP-l/CRE  site  in  induction  by  TGF-p  of  this  c-Jun 
promoter  region,  we  used  PCR  mutagenesis  to  mutate  this  site 
in  the  -79  to  +170  reporter.  Mutating  the  AP-l/CRE  site 
abrogated  all  transcriptional  induction  of  the  reporter  by 
TGF-p  (Fig.  6A),  despite  the  fact  that  the  Smad3-Smad4  site 
identified  as  described  above  (Fig.  4)  remained  intact.  This 
suggests  that  a  synergistic  functional  cooperation  exists  be¬ 
tween  Smads  and  AP-l/CRE  complexes  in  the  context  of  TGF- 
p-induced  transcriptional  activation  of  this  c-Jun  promoter 
region. 

We  next  sought  to  identify  which  proteins  bind  to  this  AP- 
l/CRE  site  in  our  system.  We  performed  an  EMSA  using  the 
-79  to  -19  probe  diagrammed  in  Fig.  2,  where  we  had  ob¬ 
served  that  there  was  no  change  in  the  pattern  of  binding  to 
this  sequence  upon  TGF-p  addition.  Since  previous  studies 
(15)  had  identified  c-Jun  and  ATF-2  as  the  components  con- 
stitutively  bound  to  this  site,  we  attempted  to  supershift  the 
bound  complexes  with  antibodies  against  these  two  transcrip- 
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FIG.  4.  Mutation  of  the  Smad3-Smad4  binding  site  abrogates  responsiveness 
to  TGF-fL  (A)  Diagram  of  new  reporter  constructs  created  by  PCR  mutagenesis. 
Two  reporters  for  the  region  from  -79  to  +94  of  the  c-Jun  promoter  were 
created,  i.e.,  one  with  wild-type  sequence  and  the  other  mutated  at  the  Smad3- 
Smad4  binding  site  (CAGA  triplet)  from  +62  to  +73.  (B)  The  -79  to  +94 
wild-type  and  -79  to  +94  mutant  reporters  were  transfected  into  HaCaT  cells. 
Cells  were  treated  with  TGF-J31  for  24  h  before  harvesting  for  luciferase  assays. 
Fold  inductions  were  calculated  by  comparing  the  luciferase  activities  of  TGF- 
0-treated  cells  and  untreated  control  cells.  (C)  The  procedures  used  were  the 
same  as  described  for  panel  B  except  that  MvlLu  cells  were  used  instead  of 
HaCaT  cells. 


tion  factors.  An  antibody  specific  to  c-Jun  caused  a  supershift 
of  the  slower-migrating  complex,  confirming  the  presence  of 
c-Jun  (Fig.  6B).  However,  we  did  not  see  a  supershift  on  this 
probe  when  we  used  two  commercially  available  antibodies 
specific  to  ATF-2  (Fig.  6B),  which  had  been  successfully  used 
to  supershift  ATF-2-containing  complexes  in  a  previous  study 
(11).  Additionally,  several  commercial  antibodies  against 
CREB  were  unable  to  supershift  this  complex  (data  not 
shown).  Nonetheless,  we  were  able  to  compete  away  binding  of 
the  faster-  and  slower-migrating  complexes  using  unlabeled 
consensus  CRE  site  oligonucleotide  in  200 X  molar  excess, 
whereas  the  same  molar  excess  of  unlabeled  mutant  CRE 
oligonucleotides  did  not  compete  with  the  binding.  This  sug¬ 
gests  that  a  component  of  the  bound  complexes  is  a  CRE 
binding  protein.  These  results  demonstrate  that  a  constitutively 
bound  complex  containing  c-Jun,  either  as  a  homodimer  or  in 
combination  with  a  yet  unknown  CRE  binding  partner,  is  re- 
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FIG.  5.  Induction  of  c-Jun  by  TGF-f3  is  lost  in  Smad3  null  fibroblasts.  (A) 
Western  blotting  was  performed  by  using  nuclear  lysates  from  Smad3+/+  or 
Smad3_/_  primary  MEFs  treated  with  TGF-(31  for  0,  1,  2,  or  4  h.  MEFs  were 
serum  starved  for  12  h  in  0.2%  serum  before  treatment.  (B)  The  -79  to  +170 
reporter  was  transfected  into  Smad3+/_  or  Smad3_/_  MEFs  with  empty  expres¬ 
sion  vector  (mock)  or  Smad3  expression  vector  (Smad3).  Cells  were  treated  with 
TGF-(31  for  24  h  before  harvesting  for  luciferase  assays.  Fold  induction  by 
TGF-pi  is  indicated  over  the  bars.  (C)  EMSA  was  performed  by  using  the  -18 
to  +170  probe  and  nuclear  lysates  from  untreated  Smad3+/_  MEFs  or 
Smad3~/_  MEFs  or  cells  of  the  same  types  treated  with  TGF-pl  for  1  h.  The 
induced  Smad3-Smad4  complex  is  indicated  with  an  arrow. 


quired  in  conjunction  with  the  Smad  complex  in  mediating  the 
TGF-p  activation  of  this  promoter  region. 

DISCUSSION 

We  identify  here  a  novel  Smad3-Smad4  binding  site  in  the  5' 
untranslated  region  (UTR)  of  the  c-Jun  promoter  and  intro¬ 
duce  evidence  for  the  simultaneous  requirement  for  two  dif¬ 
ferent  responsive  elements  in  mediating  TGF-3-induced  c-Jun 
transcription.  The  first  is  a  Smad3-Smad4  binding  site,  and  the 
second  is  a  spatially  distinct  AP-l/CRE  binding  site.  The  two 
elements  are  capable  of  binding  their  corresponding  transcrip- 
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FIG.  6.  An  AP-l/CRE  site  is  also  required  for  TGF-|3  and  Smad  responsiveness  of  the  c-Jun  promoter.  (A)  A  -79  to  +170  luciferase  reporter  carrying  a  mutation 
in  the  AP-l/CRE  site  induced  by  PCR  mutagenesis  was  transfected  into  HaCaT  cells  alongside  the  wild  type  -79  to  + 170  reporter.  The  mutation  changed  the  sequence 
from  TGACATCA  to  ATCCACCA.  Fold  induction  was  calculated  by  comparing  TGF-p-treated  cells  to  untreated  control  cells.  Cells  were  treated  with  TGF-(31  for 
24  h  before  harvesting  for  luciferase  assays.  (B)  EMSA  was  performed  as  described  in  the  legend  for  Fig.  2B.  Attempts  to  perform  supershifts  were  made  using  a 
monoclonal  antibody  against  c-Jun  (a-cJun)  and  polyclonal  [a-ATF2(P)]  and  monoclonal  [a-ATF2(M)]  antibodies  against  ATF-2  (third  through  eighth  lanes). 
Competition  with  200-fold  molar  excess  of  wild-type  CRE  consensus  site  oligonucleotide  (200 X  CRE)  or  200-fold  molar  excess  of  mutated  CRE  site  oligonucleotide 
(200  X  Mut  CRE)  is  illustrated  in  the  last  four  lanes. 


tion  factor  complexes  independently.  Importantly,  mutation  of 
either  element  alone  severely  diminishes  TGF-p  responsive¬ 
ness,  suggesting  that  the  two  elements  have  a  functionally 
synergistic  relationship.  This  notion  is  supported  by  the  fact 
that,  in  an  additive  system,  mutation  of  either  element  would 
result  in  only  a  partial  loss  of  TGF-p  response;  a  complete  loss 
of  TGF-p  response  would  require  the  simultaneous  mutation 
of  all  contributing  elements  because  each  element  could  func¬ 
tion  alone  to  mediate  a  partial  response.  On  the  other  hand,  in 
a  synergistic  relationship  such  as  the  one  we  have  identified, 
neither  element  is  capable  of  mediating  a  vigorous  transcrip¬ 
tional  response  in  the  absence  of  the  other,  so  the  effect  of  the 
two  elements  acting  together  is  greater  than  the  sum  of  the 
effects  of  each  element  alone. 

These  findings  introduce  important  nuances  into  the  devel¬ 
oping  model  of  Smad-mediated  transcriptional  regulation  and 
offer  an  illustration  to  support  aspects  of  Smad  function  pre¬ 


dicted  by  biochemical  and  structural  observations.  They  sug¬ 
gest  that  synergy  between  Smads  and  other  transcription  fac¬ 
tors  could  be  an  important  mechanism  for  mediating  both  the 
specificity  and  the  responsiveness  to  cross  talk  of  the  TGF-p 
transcriptional  activation  signal. 

Sequence  comparison  of  Smad3-Smad4  binding  sites.  Nu¬ 
merous  studies  have  identified  Smad3-Smad4  DNA  binding 
sites  using  various  approaches.  As  seen  in  Table  1,  the  se¬ 
quences  found  by  various  groups  are  essentially  identical;  re¬ 
gardless  of  whether  one  defines  a  Smad3-Smad4  binding  site  as 
the  palindrome  AGACGTCT,  as  the  CAGA  box,  or  as  repeats 
of  GACA,  all  of  the  identified  sites  contain  the  Smad  box, 
5'-GTCT-3',  or  its  reverse  complement,  5'-  AG  AC-3'  (9,  57, 
58).  Most  recently,  another  Smad3-Smad4-responsive  site, 
CAGACAGtCTGTCTG  in  the  junB  promoter,  was  identified 
(18).  Only  the  COL7A1  promoter  presents  a  discrepancy,  in 
that  the  deletions  which  abrogate  Smad  binding  do  not  directly 
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TABLE  1.  Comparison  of  Smad3-Smad4  binding  sites 


Reference 

Location 

Sequence 

This  study 

c-Jun,  +62  to  +73 

CAGACAGACAGACACA 

9 

PAI-1 

-730 

AGCCAGACA 

-580 

AGACAGACA 

-280 

AGACAGACA 

58 

Oligo  screen 

GTCTAGAC 

57 

2X  TRE  (from  p3TP-lux) 

TGAGTCAGACA  (21  bp)  TGAGTCAGACA 

disturb  the  Smad  box-like  sequences  (54).  It  may  be,  as  the 
authors  suggest,  that  the  small  deletions  at  the  ends  of  their 
binding  element  disrupted  binding  in  a  non-sequence-specific 
manner. 

In  agreement  with  these  other  studies,  the  novel  Smad3- 
Smad4  binding  site  identified  in  the  c-Jun  5'  UTR  consists  of 
three  Smad  boxes  in  a  row.  Although  it  is  unusual  to  find 
enhancing  elements  in  the  5'  UTR,  it  is  not  unprecedented. 
Transcriptional  activators  with  binding  sites  in  the  5'  UTR  of 
promoters  or  in  intronic  sequences  are  hypothesized  to  func¬ 
tion  transiently,  i.e.,  during  the  establishment  of  the  initiation 
of  transcription  (5,  32,  44).  The  molecular  mechanism  for 
Smad-mediated  activation  of  transcription  is  not  yet  well  de¬ 
fined,  but  a  transient  role  of  Smads  in  transcriptional  initiation, 
through  their  binding  to  the  sequence  in  the  5'  UTR  of  the 
c-Jun  gene,  would  be  consistent  with  the  transient  presence  of 
Smads  in  the  nucleus  after  TGF-(3  stimulation. 

The  Smad  consensus  binding  site,  or  Smad  box,  has  now 
been  confirmed  by  the  elucidation  of  the  crystal  structure  of 
Smad3  bound  to  DNA  (46).  A  single  Smad3  MH1  binds  asym¬ 
metrically  through  a  novel  DNA  binding  (3-hairpin  structure  to 
a  4-bp  Smad  box  (CAGA)  with  sequence-specific  interactions 
(9,  58).  Note  that  in  vivo  Smads  exist  as  homo-  and  hetero¬ 
oligomers  (20,  25,  46,  56,  61),  which  would  explain  why  more 
than  one  4-bp  repeat  has  been  found  to  be  required  for  binding 
of  natural  Smad  complexes  in  the  studies  discussed  above. 

Synergy  between  Smads  and  AP-1  family  members.  Our 
results  further  demonstrate  that  while  the  Smad3-Smad4  site  is 
important  for  TGF-(3  induction  of  c-Jun,  an  AP-l/CRE  site  is 
also  required  for  TGF-p  regulation  of  the  c-Jun  promoter. 
Mutation  of  either  site  in  the  context  of  the  —79  to  +170 
region  of  this  promoter  eliminated  the  ability  of  TGF-(3  to 
elicit  maximal  induction  of  the  c-Jun  promoter.  There  are 
several  possible  mechanisms  by  which  such  synergy  may  be 
achieved,  and  elucidating  the  mechanism  for  this  synergistic 
cooperation  is  an  important  area  for  future  investigations. 

The  first  possibility  is  that  direct  physical  interaction  be¬ 
tween  Smads  and  AP-1  family  members  is  responsible  for 
mediating  the  functional  cooperation.  Recent  studies  have  de¬ 
scribed  an  interaction  between  Jun  family  members  and  Smad3 
(27,  60).  In  fact,  Smad3  and  Smad4  have  both  been  found  to 
interact  with  all  members  of  the  Jun  family  to  varying  degrees. 
The  Jun  family  members  interact  with  Smads  at  a  small  C- 
terminal  domain  which  is  highly  conserved  among  Jun  pro¬ 
teins.  While  the  interaction  between  Jun  and  Smads  is  direct, 
the  involvement  of  this  protein-protein  interaction  in  transcrip¬ 
tional  activation  of  the  c-Jun  promoter  is  unclear.  Although  it 
is  a  strong  possibility,  direct  protein  interaction  is  certainly  not 
the  only  possible  explanation  for  the  observed  functional  co¬ 
operation  seen  in  the  c-Jun  promoter  between  Smads  and 
AP-1. 


Another  possible  mechanism  for  functional  synergy  is  coop¬ 
erative  DNA  binding.  We  do  not  know  whether  AP-l/CRE 
complexes  and  Smad3-Smad4  complexes  may  cooperatively 
bind  their  corresponding  sites  in  vivo,  even  though  they  clearly 
can  strongly  bind  their  corresponding  c-Jun  promoter  sites 
independently  in  vitro.  It  is  possible  that  the  interactions  of 
each  complex  with  DNA  in  vivo  may  be  enhanced  by  cooper¬ 
ative  recruitment  and  stabilization  or  by  an  alteration  in  local 
DNA  structure  which  is  fostered  by  the  binding  of  both  com¬ 
plexes  at  once. 

Synergy  is  a  functional  cooperation  that  can  also  be  inde¬ 
pendent  of  any  physical  interaction.  It  is  possible  that  Smads 
and  AP-1  may  cooperate  by  contributing  complementary  but 
necessary  subfunctions  of  transcriptional  activation,  for  in¬ 
stance  by  recruiting  different  required  members  of  the  basal 
transcriptional  machinery.  The  location  of  the  Smad  binding 
site  y  in  relation  to  the  TATA  box  in  the  c-Jun  promoter 
strongly  suggests  that  the  role  of  Smads  is  transient  and  limited 
to  the  start  of  transcription,  perhaps  involving  the  establish¬ 
ment  of  the  transcription  initiation  complex.  AP-1  may  con¬ 
tribute  complementary  functions  to  promote  transcription. 

Finally,  it  is  possible  that  TGF-p  signal  transduction  can 
directly  affect  the  activity  of  AP-1  complex  bound  to  the  pro¬ 
moter  element.  It  has  been  postulated  that  TGF-p  may  signal 
through  the  mitogen-activated  protein  kinase  pathway  and  ac¬ 
tivate  AP-1  through  phosphorylation.  This  remains  to  be 
clearly  shown  and  is  currently  under  investigation.  Such  an 
activity  would  add  yet  another  dimension  to  the  cooperativity 
in  the  c-Jun  promoter  region  demonstrated  here. 

Further  implications.  The  model  of  required  synergistic  co¬ 
operation  may  explain  some  discrepancies  in  our  understand¬ 
ing  of  Smad  function  to  date.  A  number  of  recent  studies  have 
established  the  abilities  of  Smad3  and  Smad4  to  interact  and 
function  synergistically  with  the  transcriptional  coactivator 
CREB  binding  protein/p300  (10,  17,  40,  45,  52).  Although 
these  findings  suggest  that  a  DNA-bound  Smad3-Smad4  com¬ 
plex  is  able  to  independently  recruit  CREB  binding  protein/ 
p300  and  hence  possibly  initiate  transcription  on  its  own,  it 
does  not  appear  to  do  so.  A  close  examination  of  studies  on 
Smad3-Smad4  binding  sites  reveals  that  no  single  Smad3- 
Smad4  site  has  been  found  to  be  sufficient  for  TGF-p  respon¬ 
siveness.  In  all  of  these  studies,  multiple  copies  of  the  Smad 
binding  site  were  found  to  be  required  to  confer  TGF-p  re¬ 
sponsiveness  (9,  58).  Perhaps  a  single  Smad3-Smad4  complex 
is  unable  to  successfully  recruit  the  factors  necessary  to  accom¬ 
plish  transcriptional  activation  on  its  own.  Cooperation  with 
another  transcription  factor,  such  as  AP-1,  Spl  (33),  or  TFE3 
(16),  or  collaboration  between  a  number  of  Smad3-Smad4 
binding  sites  is  required  to  build  strong  enough  interactions  to 
activate  transcription. 

It  is  worth  noting  that  while  we  have  examined  responsive 
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elements  and  Smad  binding  in  the  —79  to  +170  region  of  the 
c-Jun  promoter,  there  may  be  additional  Smad3-Smad4  bind¬ 
ing  sites,  or  other  TGF-P  responsive  elements,  elsewhere  in  the 
native  c-Jun  promoter  sequence.  These  could  in  fact  cooperate 
further  with  the  Smad3-Smad4  binding  site  identified  in  this 
study  to  mediate  c-Jun  regulation  in  vivo. 

Finally,  an  investigation  into  other  examples  of  cooperating 
responsive  elements  could  yield  critical  insight  into  TGF-p 
signaling  specificity  and  cross  talk  with  other  signaling  path¬ 
ways.  Given  the  description  in  the  present  study  of  a  joint 
requirement  for  Smad3-Smad4  binding  and  an  AP-l/CRE  site, 
it  may  be  interesting  to  look  for  additional  required  elements 
in  other  TGF-p-responsive  promoters.  The  recent  work  by 
Hua  et  al.  (16)  revealed  another  important  example  of  such 
cooperativity  and  lends  further  support  to  the  possibility  that 
similar  modes  of  synergistic  transcriptional  activation  may  exist 
in  the  context  of  many  Smad-responsive  promoters. 

We  have  identified  in  these  studies  a  functional  cooperation 
between  a  novel  Smad3-Smad4  site  and  an  AP-l/CRE  binding 
site  within  the  -79  to  +170  region  of  the  c-Jun  promoter, 
which  functions  in  transcriptional  activation  by  TGF-p.  These 
findings  not  only  solidify  the  role  of  Smad3  as  an  intracellular 
effector  for  the  TGF-p  signal  but  also  support  a  new  and  more 
complex  model  of  Smad3-Smad4  transcriptional  regulation, 
i.e.,  one  which  involves  cooperation  with  neighboring  response 
elements  and  may  allow  coordination  of  other  interacting  path¬ 
ways  with  the  TGF-p  signal.  The  synergistic  interaction  be¬ 
tween  TGF-p-specific  effectors  and  other  transcription  factors 
proposed  in  this  model  could  mediate  the  activation  of  differ¬ 
ent  subsets  of  target  genes  in  different  cell  types  and  physio¬ 
logical  states,  translating  into  the  diversity  of  physiological  and 
pathological  roles  played  by  TGF-p  in  different  tissue  types, 
stages  of  development,  and  disease  states. 
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ABSTRACT  Smad3  and  Smad4  are  sequence-specific 
DNA-binding  factors  that  bind  to  their  consensus  DNA- 
binding  sites  in  response  to  transforming  growth  factor  /3 
(TGF/3)  and  activate  transcription.  Recent  evidence  impli¬ 
cates  Smad3  and  Smad4  in  the  transcriptional  activation  of 
consensus  AP-1  DNA-binding  sites  that  do  not  interact  with 
Smads  directly.  Here,  we  report  that  Smad3  and  Smad4  can 
physically  interact  with  AP-1  family  members.  In  vitro  binding 
studies  demonstrate  that  both  Smad3  and  Smad4  bind  all 
three  Jun  family  members:  JunB,  cjun,  and  JunD.  The  Smad 
interacting  region  of  JunB  maps  to  a  C-terminal  20-amino 
acid  sequence  that  is  partially  conserved  in  cjun  and  JunD. 
We  show  that  Smad3  and  Smad4  also  associate  with  an 
endogenous  form  of  cjun  that  is  rapidly  phosphorylated  in 
response  to  TGF/3.  Providing  evidence  for  the  importance  of 
this  interaction  between  Smad  and  Jun  proteins,  we  demon¬ 
strate  that  Smad3  is  required  for  the  activation  of  concatamer- 
ized  AP-1  sites  in  a  reporter  construct  that  has  previously 
been  characterized  as  unable  to  bind  Smad  proteins  directly. 
Together,  these  data  suggest  that  TGF/3-mediated  transcrip¬ 
tional  activation  through  AP-1  sites  may  involve  a  regulated 
interaction  between  Smads  and  AP-1  transcription  factors. 


Transforming  growth  factor  /3  (TGF/3)  is  a  multipotent  cyto¬ 
kine  that  regulates  a  variety  of  cellular  activities,  such  as  cell 
proliferation,  differentiation,  and  extracellular  matrix  (ECM) 
formation.  The  combined  actions  of  these  cellular  responses 
are  likely  to  mediate  more  global  effects  of  TGF/3  including  its 
role  in  development,  wound  healing,  immune  responses,  and 
the  pathogenesis  of  cancer  (1-3).  The  identification  of  genes 
transcriptionally  regulated  by  TGF/3  and  the  elucidation  of  the 
molecular  mechanisms  responsible  for  this  transcriptional 
regulation  will  help  define  how  TGF/3  exerts  its  cellular  effects 
and  its  role  in  resulting  physiological  processes.  Although 
progress  has  been  made  in  the  identification  of  TGF/3  target 
genes,  including  the  cyclin-dependent  kinase  inhibitors  p21 
and  pl5  (1,  2)  and  the  ECM  component  plasminogen  activator 
inhibitor-1  (PAI-1)  (3),  which  has  subsequently  contributed 
toward  our  understanding  of  TGF/3-mediated  growth  inhibi¬ 
tion  and  ECM  deposition,  the  mechanisms  by  which  TGF/3 
controls  gene  expression  remain  largely  unknown. 

Numerous  studies  have  characterized  the  differential  ex¬ 
pression  of  specific  genes  in  response  to  TGF/3,  revealing  a 
common  link  in  the  ability  of  TGF/3  to  regulate  many  of  these 
genes  through  the  functions  of  the  AP-1  family  of  transcription 
factors.  This  protein  family,  which  includes  the  Fos  and  Jun 
proteins,  binds  a  specific  DNA  sequence  and  facilitates  tran¬ 
scriptional  regulation  (4).  The  ability  of  TGF/3  to  induce  the 
expression  of  several  genes,  including  PAI-1,  clusterin,  mono- 
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cyte  chemoattractant  protein-1  (JE/MCP-1),  type  I  collagen, 
and  TGF/31  itself  depends  on  specific  AP-1  DNA-binding  sites 
in  the  promoter  regions  of  these  genes  (3, 5-10).  Furthermore, 
TGF/3-mediated  transcriptional  activation  of  several  of  these 
genes  requires  AP-1  proteins  (5,  8-10).  Intriguingly,  the 
expression  of  many  AP-1  proteins  themselves  is  induced  as  an 
early  response  to  TGF/3  in  a  cell  type-specific  manner  (11-14). 
It  has  been  demonstrated  that  this  induced  expression  of 
particular  AP-1  family  members  is  involved  in  TGF/3-mediated 
regulation  of  subsequent  target  genes  (10).  In  addition,  genetic 
studies  of  TGF/3  signaling  in  Drosophila  melanogaster  reveal  a 
direct  overlap  between  AP-1  and  TGF/3  signaling  and  suggest 
an  evolutionarily  conserved  convergence  of  these  pathways 
(15).  Together,  these  studies  demonstrate  a  link  between 
TGF/3  signaling  and  AP-1  in  the  TGF/3-regulated  expression 
of  various  genes.  The  molecular  mechanisms  responsible  for 
the  TGF/3-mediated  transcriptional  activation  of  these  genes 
are  just  beginning  to  be  elucidated. 

Insight  into  the  mechanism  of  TGF/3-regulated  gene  expres¬ 
sion  has  come  about  with  the  discovery  of  the  Smad  family  of 
proteins.  The  Smads  are  phosphorylated  by  the  activated  type 
I  receptor  in  response  to  ligand  (16).  Specifically,  Smad2  and 
Smad3  were  shown  to  be  inducibly  phosphorylated  in  response 
to  TGF/3  (17-19).  Smad  phosphorylation  results  in  hetero- 
merization  of  either  Smad2  or  Smad3  with  Smad4  (20-23). 
Smad4-containing  heteromers  then  enter  the  nucleus  where 
they  can  activate  transcription  of  specific  genes  (24,  25). 
Current  research  is  focused  on  elucidating  the  role  of  Smads 
in  TGF/3-induced  transcriptional  activation. 

Through  attempts  made  at  understanding  the  mechanism  of 
Smad-mediated  transcriptional  activation,  two  distinct  roles 
for  Smads  have  emerged:  Smads  as  DNA-binding  factors  and 
Smads  as  transcription  factor-binding  proteins.  Several  lines  of 
evidence  suggest  that  Smads  activate  transcription  by  binding 
directly  to  DNA.  For  instance,  transcription  of  a  reporter 
plasmid  containing  the  concatamerized  consensus  Smad- 
binding  site  is  induced  by  TGF/3  in  a  Smad4-dependent 
manner  (26).  Smad3  and  Smad4  were  recently  shown  to  form 
a  complex  on  similar  DNA  sequences  derived  from  the  PAI-1 
promoter  (27).  Mutation  of  these  sequences  in  the  PAI-1 
promoter  reduced  TGF/3  responsiveness.  Furthermore,  Gal4 
fusions  with  the  C-terminal  domains  of  Smadl  and  Smad4 
activate  transcription  from  concatamerized  Gal4  DNA- 
binding  sites  (28). 

Other  evidence  suggests  that  Smads  can  activate  transcrip¬ 
tion  by  binding  to  other  transcription  factors.  For  example,  the 
interaction  between  Smad2/Smad4  heteromers  and  the  tran¬ 
scription  factor  FAST-1  is  critical  for  the  formation  of  the 
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activin  responsive  factor  (ARF),  an  activin-inducible  DNA- 
binding  complex  in  Xenopus  (24,  29).  Overexpression  of  the 
Smad-binding  domain  of  FAST-1  blocked  ARF  formation  and 
transcriptional  induction  of  an  activin-inducible  early  response 
gene.  Together,  these  data  indicate  that  although  Smads  bind 
DNA  directly,  association  with  other  transcription  factors  may 
play  a  crucial  role  in  Smad-mediated  transcriptional  activation. 

In  an  attempt  to  identify  transcription  factors  involved  in 
Smad-mediated  transcriptional  activation,  we  performed  a 
yeast  two-hybrid  screen  using  Smad3  as  a  bait.  Two  interacting 
cDNAs  encoding  two  different  clones  of  the  AP-1  family 
member,  JunB,  were  isolated,  indicating  that  Smads  may  bind 
to  AP-1  members  directly.  Supporting  a  direct  interaction 
between  Smads  and  AP-1,  we  show  that  Smad3  and  Smad4 
bind  all  known  members  of  the  Jun  family  of  proteins  in  vitro. 
Furthermore,  we  demonstrate  that  Smad3  is  critical  for  the 
ability  of  TGF/3  to  activate  AP-1  sites  independent  of  Smad 
DNA  binding.  These  data,  therefore,  provide  insight  into  a 
possible  mechanism  by  which  TGF/3  activates  AP-l-mediated 
transcription  through  the  induction  of  Smad/AP-1  complex 
formation. 

MATERIALS  AND  METHODS 

Materials.  TGF/31  was  a  generous  gift  of  Amgen  Biologicals. 
Human  keratinocyte  cells  (HaCaT)  were  the  generous  gift  of 
P.  Baukamp  and  N.  Fusenig.  A  HaCaT  cDNA  library  in  the 
pACT2  expression  vector  was  the  generous  gift  of  Y.  Xiong. 
The  full  length  cDNAs  for  murine  Jun  family  members,  FosB, 
cFos,  Fra2,  and  human  Fral,  were  the  generous  gifts  of  R. 
Wisdom.  Smad3  polyclonal  antibody  was  generated  against 
amino  acids  200-219  of  Smad3  and  affinity  purified  in  this 
laboratory.  Antibodies  used  included  JunB  polyclonal  N-17 
(Santa  Cruz  Biotechnology),  cJun  monoclonal  KM-1  (Santa 
Cruz  Biotechnology),  cJun  polyclonal  no,  9162  (NEB,  Beverly, 
MA),  cJun  polyclonal  no.  06-828  (Upstate  Biotechnology, 
Lake  Placid,  NY)  and  JunD-329  polyclonal  antibody  (Santa 
Cruz  Biotechnology). 

Cell  Culture.  COS  cells  were  maintained  in  DMEM  with 
10%  FBS.  HaCaT  cells  were  maintained  in  MEM  with  10% 
FBS.  Primary  fibroblasts  were  prepared  from  day  14  embryos 
by  mechanical  dissociation  of  whole  embryos  by  passage 
through  an  18-gauge  needle  and  plating  onto  gelatin-coated 
10-cm  tissue  culture  plates  in  DMEM  with  the  inclusion  of  20% 
FBS.  Cells  were  grown  to  confluence  and  carried  in  DMEM 
with  10%  FBS.  All  experiments  were  performed  on  littermate 
fibroblasts  at  the  same  passage  number. 

Plasmid  Construction.  The  BamYLI  fragment  containing  full 
length  human  Smad3  cDNA  was  subcloned  from  pGEX-3X 
into  pGBT9  (CLONTECH)  (30).  cDNAs  encoding  each  Jun 
and  Fos  family  member  were  subcloned  into  pCMV5  and 
pCMV6  expression  vectors  (CMV,  cytomegalovirus).  Full 
length  JunB  was  PCR  amplified  with  the  following  primers: 
CGGGATCCCGATGTGCACGAAAATGG  (5'  primer)  and 
GGATCCTCAGAAGGCGTGTCC  (3'  primer).  Full  length 
cJun  was  PCR  amplified  with  the  following  primers:  CGG- 
GATCCCGATGACTGCAAAGATGGAAACG  (5'  primer) 
and  CGGGATCCCGTCAAAACGTTTGCAACTGC  (3' 
primer).  The  cDNAs  were  completely  sequenced  and  sub¬ 
cloned  into  pACT2  (CLONTECH).  Construction  of  4xSBSMT 
and  4xAPlMT  reporter  plasmids  was  previously  described 
(30). 

Yeast  Two-Hybrid  Assay.  The  yeast  strain  Hf7c  was  trans¬ 
formed  with  Smad3/pGBT9,  and  expression  of  the  appropri¬ 
ate-size  fusion  protein  was  confirmed  by  Western  blotting  by 
using  GAL4  DBD  monoclonal  antibody  (Santa  Cruz  Biotech¬ 
nology).  Bait-expressing  yeast  were  transformed  with  a  HaCaT 
cDNA  library  in  the  pACT2  expression  vector.  Individual 
cDNAs  (5  X  106)  were  screened.  Transformants  (484)  grew  on 
media  lacking  tryptophan,  leucine,  and  histidine  that  con¬ 


tained  5  mM  3-aminotriazole.  Transformants  (242)  were  pos¬ 
itive  for  /3-galactosidase  activity,  which  was  measured  by  the 
appearance  of  blue  color  on  colony  filter  lifts  incubated  in  the 
presence  of  5-bromo-4-chloro-3-indolyl-/3-D-galactosidase  (X- 
Gal).  Bait  dependence  for  each  positive  transformant  was 
established  similarly. 

Binding  Studies.  Full  length  JunB  in  pGEM4  was  digested 
with  BspHL,  BssHII,  or  Dral  (NEB).  The  full  length  construct 
and  the  digested  DNAs  were  used  as  templates  for  in  vitiv 
transcription  and  translation  (TNT)  with  [35S]methionine  in 
rabbit  reticulocyte  lysates  (Promega).  The  TNT-JunB  lysates 
were  incubated  with  an  equal  amount  of  bacterially  purified 
glutathione  5-transferase  (GST),  or  GST-Smad3  or  GST- 
Smad4  (30)  in  B/P  (150  mM  NaCl/50  mM  Tris,  pH  7.5/01% 
Tween/1  mM  DTT)  for  2.5  hours  at  4°C.  The  GST  reactions 
were  washed  three  times  in  TBS  (500  mM  NaCl/25  mM  Tris, 
pH  7.5/01%  Tween-20/1  mM  DTT).  Samples  were  resolved 
by  SDS/PAGE.  The  gels  were  treated  with  10%  sodium 
salicylate,  dried,  and  exposed  to  film.  Whole-cell  COS  lysates 
overexpressing  each  AP-1  member  were  lysed  as  described 
(30)  and  incubated  with  the  GST  fusions  as  described  above. 
The  binding  reactions  were  washed  three  times  with  B/P  and 
separated  by  SDS/PAGE. 

For  endogenous  protein  interactions,  HaCaT  cells  were 
treated  with  100  pM  TGF/31  in  DMEM/10%  FBS  for  15,  30, 
or  60  min.  Cells  were  then  lysed  and  either  whole-cell  or 
nuclear  extracts  were  prepared  (30, 31).  Four  hundred  fifty  fig 
of  each  whole-cell  lysate  was  incubated  with  an  equal  amount 
of  bacterially  purified  GST-Smad3  or  GST-Smad4  normalized 
for  protein  by  Coomassie  blue  and  for  volume  of  glutathione- 
Sepharose  added  to  each  binding  reaction.  After  2  hr  at  4°C, 
the  reactions  were  washed  three  times  and  separated  by 
SDS/PAGE.  One  hundred  pg  of  each  nuclear  lysate  was 
diluted  to  150  mM  NaCl  with  buffer  A  and  incubated  with 
GST,  GST-Smad3,  or  GST-Smad4,  as  above.  For  phosphatase 
treatment,  HaCaT  cells  were  treated  for  15  min  with  100  pM 
TGF/31  or  DMEM  containing  10%  FBS,  penicillin,  strepto¬ 
mycin,  and  0.5  M  sorbitol  and  whole-cell  extracts  were  pre¬ 
pared  as  described  (30).  Briefly,  the  lysates  were  treated  with 
potato  acid  phosphatase  (0.034  units)  and  calf  intestinal 
phosphatase  (2  units)  for  30  min  at  37°C. 

Western  Blot  Analysis.  Electrophoresed  proteins  were 
transferred  to  Immobilon  (Millipore)  and  treated  as  previously 
described,  except  that  the  blots  were  blocked  and  blotted  in 
PBS/0.1%  Tween-20/5%  milk  (30). 

Luciferase  Assays.  Transfections  were  performed  by  using  a 
standard  DEAE-Dextran  protocol  (32).  Primary  fibroblasts 
were  allowed  to  recover  from  glycerol  shock  for  20  hr  before 
treating  with  100  pM  TGF/31  in  DMEM/0.2%  FBS.  Luciferase 
assays  were  performed  as  previously  described  (33).  All  trans¬ 
fections  were  normalized  to  /3-galactosidase  activity  by  co¬ 
transfection  of  0.5  fig  of  CMV-/3-galactosidase  expression 
vector. 

RESULTS 

Smad3  and  JunB  Associate  in  Yeast.  To  identify  Smad3- 
binding  proteins,  we  performed  a  yeast  two-hybrid  screen 
using  the  Gal4  DNA-binding  domain  fused  to  Smad3  as  a  bait. 
Of  the  five  million  yeast  transformants  screened  for  Smad3 
binding,  242  transformants  were  positive  for  growth  in  the 
absence  of  histidine  and  for  the  appearance  of  blue  color  on 
staining  with  5-bromo-4-chloro-3-indolyl-/3-D-galactosidase 
(X-Gal).  Two  of  the  clones  sequenced  contained  two  different 
cDNA  fragments  encoding  the  AP-1  member,  JunB  (Fig.  1). 
Clone  44  lacked  the  N-terminal  126  amino  acids  of  JunB 
indicating  that  these  residues  are  not  required  for  binding  in 
yeast.  Fusions  of  the  Gal4  activation  domain  with  cDNAs 
encoding  JunB  and  cJun  also  tested  positive  for  interaction 
with  the  Smad3  bait  protein  (data  not  shown). 
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Fig.  1.  Isolation  of  JunB  from  a  Gal4-Smad3  screen  of  a  human 
keratinocyte  library  (HaCaT)  in  yeast.  Schematic  diagram  of  two 
Smad3 -interacting  clones  encoding  JunB.  Amino  acids  associated  with 
particular  functional  domains  of  JunB  are  shown. 

In  Vitro  Binding  of  Smads  and  AP-1.  To  determine  whether 
this  interaction  occurs  in  solution  with  recombinant  proteins, 
GST  pulldown  experiments  were  performed.  Bacterially  pro¬ 
duced  GST-Smad3,  but  not  GST  alone,  bound  TNT-JunB  (Fig. 
2 B).  In  addition,  GST-Smad4-bound  TNT-JunB,  indicating 
that  AP-1  binding  is  not  exclusive  to  Smad3.  Similar  studies 
with  GST-Smadl,  GST-Smad2,  and  GST-Smad5  showed  that 
these  proteins  also  bind  JunB  TNT  products  but  with  lower 
affinity  than  that  observed  with  GST-Smad3  and  GST-Smad4 
(data  not  shown).  To  map  the  Smad  interaction  domain, 
GST-Smad  fusion  proteins  were  used  to  pull  down  various 
TNT-JunB  deletion  products  (Fig.  2  A  and  B).  Deletion  of  only 
20  amino  acids  from  the  C  terminus  of  JunB  abrogated  the 
interaction  between  GST-Smad3  and  GST-Smad4  and  JunB 
(Fig.  2).  Thirteen  of  these  20  amino  acids  are  conserved  among 
Jun  family  members,  including  cJun  and  JunD  (Fig.  3/4).  To 
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Fig.  2.  In  vitro  association  of  Smad3  and  Smad4  with  JunB.  (A) 
Schematic  diagram  of  JunB  deletion  mutants  used  in  the  binding  study 
shown  in  B.  ( B )  In  vitro  association  of  JunB  and  JunB  deletion  mutant 
TNT  products  with  GST,  GST-Smad3,  or  GST-Smad4.  Bacterially 
produced  GST,  GST-Smad3,  and  GST-Smad4  proteins  were  coupled 
to  glutathione-Sepharose,  incubated  with  the  indicated  TNT  product, 
centrifuged,  and  the  Sepharose-bound  proteins  visualized  by  Coomas- 
sie  stained  SDS/PAGE  (data  not  shown).  The  amount  of  each  GST 
protein  and  the  volume  of  glutathione-Sepharose  used  in  each  binding 
reaction  were  normalized.  Each  reticulocyte  lysate  was  produced  as 
described  in  Materials  and  Methods.  Domains  depicted  in  A  refer  to  the 
same  domains  depicted  in  Fig.  1.  Five  percent  of  each  reticulocyte 
lysate  input  was  run  in  lanes  1-4:  lane  1,  JunB  full  length;  lane  2, 1-324; 
lane  3,  1-272;  lane  4,  1-80. 
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determine  whether  these  proteins  also  interact  with  Smads,  we 
tested  whether  GST-Smad3  and  GST-Smad4  could  associate 
with  AP-1  members  from  transfected  COS  cell  lysates  over¬ 
expressing  each  Jun  member.  As  shown  in  Fig.  3 B,  all  three  Jun 
family  members  associated  with  both  GST-Smad3  and  GST- 
Smad4  to  a  similar  extent.  Furthermore,  GST-Smad3  and 
GST-Smad4  bound  full  length  TNT-cJun  and  deletion  of  20 
amino  acids  from  the  C  terminus  of  TNT-cJun  also  reduced 
association  with  GST-Smad3  and  GST-Smad4  (data  not 
shown).  Conversely,  in  studies  using  lysates  from  transfected 
cells  overexpressing  each  Fos  family  member,  no  association 
with  GST-Smad3  or  GST-Smad4  was  observed  (data  not 
shown).  Consistent  with  these  findings,  the  amino  acids  re¬ 
quired  for  Jun  binding  to  GST-Smads  in  vitro  are  not  con¬ 
served  among  Fos  family  members. 

Smad3  and  Smad4  Associate  with  An  Inducibly  Phosphor- 
ylated  Form  of  Endogenous  ejun.  To  determine  whether 
GST-Smad3  and  GST-Smad4  can  associate  with  endogenous 
cJun,  we  incubated  GST-Smad3  and  GST-Smad4  with  TGF/3- 
treated  HaCaT  whole-cell  extracts.  Western  blot  analysis  of 
these  binding  reactions  with  a  cJun-specific  antibody  raised 
against  a  phosphopeptide  containing  phosphorylated  Ser-63  of 
cJun  (KM-1  from  Santa  Cruz  Biotechnology)  showed  that 
GST-Smad3  and  GST-Smad4  bind  this  form  of  cJun  (Fig.  4 A). 
We  noticed  that  the  level  of  cJun  recognized  by  the  KM-1 
antibody  appeared  to  increase  with  TGF/3  treatment.  To  more 
clearly  determine  whether  the  level  of  cJun  was  induced  by 
TGF/3,  nuclear  lysates  were  analyzed  by  using  the  KM-1 
antibody  and  a  different  cJun  antibody  raised  against  a  non- 
phosphorylated  N-terminal  portion  of  cJun  (no.  9162,  NEB). 
As  shown  in  Fig.  4 B,  the  form  of  cJun  recognized  by  the  KM-1 
antibody  is  clearly  induced  by  TGF/3  treatment,  whereas  the 
levels  of  total  cJun  recognized  by  the  NEB  antibody  remain 
relatively  unchanged.  This  result  suggests  that  cJun  is  rapidly 
phosphorylated,  at  least  on  the  residue  of  Ser-63,  in  response 
to  TGF/3.  Subsequent  binding  studies  with  these  nuclear 
lysates  and  GST,  GST-Smad3,  and  GST-Smad4  revealed  that 
GST-Smad3  and  GST-Smad4  bound  equally  well  to  cJun 
recognized  by  either  antibody  (data  not  shown).  To  confirm 
that  the  TGF/3-induced  increase  in  the  cJun  species  detected 
by  the  KM-1  antibody  was  indeed  the  phosphorylated  form  of 
cJun,  we  performed  a  phosphatase  assay  using  HaCaT  lysates 
treated  with  TGF/3  (Fig.  4C).  As  a  positive  control,  HaCaT 
cells  were  treated  with  0.5M  sorbitol,  which  has  been  shown  to 
induce  cJun  N-terminal  kinase  (JNK)  kinase  activity  (34),  and 
similar  results  were  obtained  with  lysates  treated  with  50 
p.g/ml  anisomycin.  Under  phosphatase  treatment  conditions, 
the  TGF/3-induced  form  of  cJun  recognized  by  the  KM-1 
antibody  was  lost,  whereas  total  cJun  detected  by  the  no.  9162 
antibody  did  not  change.  The  specificity  of  the  KM-1  antibody 
for  the  phosphorylated  form  of  cJun  was  further  confirmed  by 
using  another  antibody  (no.  06-828,  Upstate  Biotechnology) 
raised  against  a  cJun  peptide  also  containing  phosphorylated 
Ser-63. 

Smad3  Is  Required  for  TGF/3-Mediated  Activation  of  AP-I 
Sites  Independent  of  Smad  DNA-Binding  Activity.  In  an 

attempt  to  determine  whether  the  interaction  between  AP-1 
and  Smads  contributes  to  the  ability  of  TGF/3  to  activate  the 
transcription  of  AP-1  sites,  we  transfected  Smad3  heterozy¬ 
gous  and  Smad3  homozygous  null  primary  mouse  embryonic 
fibroblasts  with  AP-1  site-containing  reporter  constructs  pre¬ 
viously  described  (Fig.  5)  (30).  Intriguingly,  4xSBSMT,  which 
contains  consensus  AP-1  sites  adjacent  to  mutated  Smad 
DNA-binding  sites  incapable  of  Smad  protein  binding,  re¬ 
quires  Smad3  for  transcriptional  activation  by  TGF/3.  TGF/3  is 
unable  to  activate  transcription,  however,  in  the  analogous 
reporter,  4xAPlMT,  in  which  the  Smad-binding  sites  are  intact 
and  the  AP-1  sites  are  mutated.  Thus,  within  the  context  of  the 
4xSBSMT  reporter,  the  AP-1  sites  are  required  for  transcrip¬ 
tional  activation  by  TGFj3.  Activation  of  these  AP-1  sites 
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Fig.  3.  Association  of  Smad3  and  Smad4  with  Jun  family  members.  (A)  The  Smad-binding  site  on  JunB  is  conserved  among  Jun  family  members. 
The  very  C-terminal  amino  acids  of  the  Jun  proteins  are  aligned.  The  leucine  at  the  beginning  of  the  JunB  and  cJun  sequences  is  the  most  C-terminal 
leucine  of  the  leucine  zipper  domain.  Amino  acids  that  were  deleted  in  the  JunB  1-324  mutant  are  underlined.  Conserved  amino  acids  that  may 
play  a  role  in  Smad  binding  are  shaded.  ( B )  In  vitro  association  of  overexpressed  JunB,  cJun,  and  JunD  from  COS  cell  lysates  with  GST,  GST-Smad3, 
or  GST-Smad4.  COS  cells  transfected  with  JunB/pCMV,  cJun/pCMV,  or  JunD/pCMV  were  lysed,  and  these  extracts  were  treated  with  GST  fusion 
proteins  prepared  as  described  in  Materials  and  Methods. 


requires  Smad3  but  is  independent  of  Smad  DNA  binding, 
suggesting  that  the  ability  of  Smad3  to  act  through  the  AP-1 
sites  in  this  reporter  is  required  for  transcriptional  activation 
by  TGF/3. 

DISCUSSION 

Over  the  past  year,  a  model  for  the  functional  role  of  Smads 
in  TGF/3-mediated  transcriptional  regulation  has  emerged. 
Here,  we  provide  evidence  supporting  a  role  for  Smads  as 


transcriptional  coactivators,  in  addition  to  their  role  as  DNA 
binding-dependent  activators  of  transcription.  Smads  may  thus 
transduce  the  TGF/3  signal  to  the  promoter  level  and  activate 
transcription  through  direct  physical  interaction  with  DNA- 
bound  AP-1  proteins. 

The  potential  role  of  Smads  as  transcriptional  coactivators 
of  AP-1  is  supported  by  a  previous  study  in  which  we  reported 
that  TGF/3  as  well  as  Smad3/Smad4  cooverexpression  could 
activate  transcription  of  4xWT,  a  luciferase  reporter  contain¬ 
ing  a  concatamerized  TGF/3-responsive  element  derived  from 
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Fig.  4.  GST-Smad3  and  GST-Smad4  associate  with  an  inducibly  phosphorylated  form  of  endogenous  cJun.  (/I)  HaCaT  cells  were  treated  with 
100  pM  TGFjSl  for  15,  30,  or  60  min  and  lysed.  GST-Smad3  and  GST-Smad4  were  incubated  with  450  jag  of  whole-cell  HaCaT  lysates,  and  the 
binding  reactions  were  analyzed  by  Western  blot  by  using  a  cJun  specific  monoclonal  antibody  raised  against  a  phosphopeptide  containing 
phosphorylated  Ser-63  of  cJun,  KM-1  from  Santa  Cruz.  The  lower  row  shows  60  jag  total  lysate  blotted  with  the  same  antibody  as  the  upper  rows. 
( B )  Nuclear  lysates  (60  jag)  from  HaCaT  cells  treated  as  in  A  were  analyzed  with  the  KM-1  antibody.  This  blot  was  stripped  and  reprobed  with 
antibody  no.  9162  from  NEB  raised  against  a  fusion  protein  containing  the  unphosphorylated  N-terminal  portion  of  cJun.  (C)  HaCaT  cells  were 
treated  with  100  pM  TGF/31  or  0.5  M  sorbitol  for  15  min,  lysed  in  the  absence  or  presence  of  phosphatase  inhibitors,  and  treated  with  or  without 
potato  acid  phosphatase  and  calf  intestinal  phosphatase.  The  reactions  were  analyzed  by  SDS/PAGE  and  Western  blotting.  The  upper  row  shows 
60  jag  of  each  lysate  blotted  with  the  KM-1  antibody.  This  blot  was  stripped  and  reprobed  with  no.  9162  antibody,  shown  in  the  middle  row.  This 
blot  was  stripped  again  and  reprobed  with  no.  06-828  antibody  (Upstate  Biotechnology).  The  bands  in  the  KM-1  blot  align  with  the  upper  bands 
in  the  no.  9162  antibody  and  the  no.  06-828  antibody  blots. 
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Fig.  5.  Smad3  is  required  for  TGF/3-mediated  transcriptional 
activation  of  4xSBSMT.  Smad3  homozygous  null  or  Smad3  heterozy¬ 
gous  mouse  primary  fibroblasts  were  transfected  with  3  fig  of  3TP-Lux, 
4xSBSMT,  or  4xAPlMT  reporter  constructs.  Twenty  hours  after 
transfection,  vehicle  or  100  pM  TGF/31  was  added.  Twenty-four  hours 
after  treatment,  luciferase  activity  was  quantified.  The  averages  of 
duplicate  transfections  were  used  to  determine  the  fold  induction  by 
TGF/3  over  the  vehicle  control.  The  3TP-Lux  data  is  shown  as  a 
positive  control  for  the  experiment  (35). 

3TP-Lux  that  contains  both  consensus  AP-1  binding  sites  and 
Smad4-binding  sites  (30).  Interestingly,  a  mutation  in  this 
sequence  that  inhibited  Smad  association  had  no  effect  on  the 
ability  of  TGF/3  or  Smad3/Smad4  cooverexpression  to  induce 
transcription  of  this  reporter.  In  contrast,  a  mutation  in  the 
adjacent  AP-1  site  that  inhibited  the  association  of  a  consti- 
tutively  bound,  AP-l-containing  complex,  abrogated  the  abil¬ 
ity  of  TGF/3  or  Smad  overexpression  to  activate  transcription 
of  the  4xWT  reporter.  These  data  suggest  that  within  the 
context  of  this  reporter,  TGF/3-mediated  transcriptional  acti¬ 
vation  does  not  depend  on  the  DNA-  binding  function  of 
Smads  but  rather  the  ability  of  Smads  to  act  through  the  AP-1 
sites.  In  light  of  the  interaction  studies  described  here,  Smads 
may  act  through  these  AP-1  sites  by  binding  directly  to  AP-1 
proteins.  In  studies  of  Smad3  wild-type  and  homozygous  null 
fibroblasts,  it  was  demonstrated  that  TGF/3-mediated  tran¬ 
scriptional  activation  of  3TP-Lux  (35)  and  the  cJun  promoter 
(14),  which  contain  both  Smad  and  AP-1  DNA-binding  sites, 
was  lost  in  fibroblasts  lacking  Smad3.  Transfection  of  Smad3 
into  the  null  fibroblasts  rescued  transcriptional  activation  by 
TGF/3.  Here,  we  further  show  that  activation  of  the  AP-1  sites 
in  a  reporter  containing  mutant  Smad-binding  sites  similarly 
requires  Smad3.  Taken  together,  the  interaction  and  transcrip¬ 
tional  activation  data  suggest  that  the  regulated  association 
between  Smads  and  AP-1  may  be  necessary  for  the  TGF/3- 
mediated  transcriptional  activation  of  AP-1  sites.  Consistent 
with  these  findings,  recently  published  data  demonstrate  that 
cotransfection  of  Smad3  and  Smad4  and  cJun  facilitates  mild 
synergistic  transcriptional  activation  of  AP- 1-site  containing 
reporters  (36). 

We  demonstrate  that  Smad3  and  Smad4  bind  JunB  directly 
in  vitro,  and  that  the  interaction  involves  a  stretch  of  20 
C-terminal  amino  acids  of  JunB.  It  is  possible  that  deletion  of 
these  20  amino  acids  that  abrogated  Smad  binding  may  alter 
the  conformation  of  JunB,  rendering  it  incapable  of  binding 
Smads.  However,  we  do  show  that  both  cJun  and  JunD,  which 
contain  conserved  identity  in  13  of  these  20  C-terminal  amino 
acids,  also  bind  GST-Smad3  and  GST-Smad4,  whereas  Fos 
family  members  that  lack  this  conserved  amino  acid  sequence 


do  not  bind  GST-Smad3  or  GST-Smad4.  Therefore,  we  pos¬ 
tulate  that  Smad3  and  Smad4  binding  requires  specific  residues 
within  the  C-terminal  20  amino  acids  of  JunB.  Furthermore, 
direct  association  with  Smads  may  be  a  conserved  function  of 
the  Jun  family  of  transcription  factors. 

Because  Smads  translocate  to  the  nucleus  in  response  to 
TGF/3  (20-23),  the  interaction  between  Smads  and  Jun  family 
members  may  be  regulated  largely  by  TGF/3-induced  alter¬ 
ation  of  Smad  subcellular  localization.  Intriguingly,  we  found 
that  endogenous  cJun  was  rapidly  phosphorylated  in  response 
to  TGF/3,  most  likely  at  Ser-63.  Phosphorylation  at  this  site 
peaks  by  15  min  and  is  maintained  over  the  course  of  an  hour 
of  TGF/3  treatment,  a  time  course  that  overlaps  TGF/3-induced 
Smad  entry  into  the  nucleus  (17,  21,  22,  25).  This  inducibly 
phosphorylated  form  of  cJun  binds  both  GST-Smad3  and 
GST-Smad4.  Although  this  phosphorylation  does  not  appear 
to  alter  the  association  of  Smads  and  AP-1  in  vitro ,  we  suspect 
this  phosphorylation  may  contribute  to  TGF/3-mediated  tran¬ 
scription  in  vivo.  This  notion  is  supported  by  evidence  showing 
that  JNK  is  activated  in  response  to  TGF/3  (37,  38),  and  that 
this  kinase  is  known  to  phosphorylate  cJun  at  Ser-63  and  -73, 
thereby  enhancing  the  ability  of  cJun  to  activate  transcription 
(39).  These  data,  in  combination  with  previously  discussed 
results,  suggest  that  TGF/3  treatment  may  initiate  two  simul¬ 
taneous  signaling  pathways  that  converge  on  AP-1  complexes 
in  the  nucleus:  a  Smad-mediated  pathway  and  a  JNK-mediated 
pathway.  The  combined  result  of  these  pathways  may  be 
stronger  interactions  between  Smads  and  AP-1  and  as  a  result, 
a  more  robust  induction  of  transcription.  Although  cJun 
phosphorylation  may  indeed  enhance  association  with  Smads 
under  physiological  conditions,  we  do  not  have  evidence  to 
suggest  that  Jun  phosphorylation  is  required  for  the  Smad/ 
AP-1  interaction,  since  we  observe  the  interaction  under  in 
vitro  conditions  in  which  JNK-mediated  phosphorylation 
would  not  occur  and  also  detect  a  constitutive  interaction  of 
GST-Smads  with  endogenous  cJun  in  the  absence  of  TGF/3 
treatment.  Furthermore,  JunB,  which  is  riot  a  JNK  substrate, 
also  binds  to  Smads  (40).  Future  work  is  necessary  to  define  the 
role  of  Jun  phosphorylation  in  TGF/3-mediated  transcription 
in  vivo. 

The  data  presented  here  may  provide  a  plausible  explana¬ 
tion  for  the  specificity  of  TGF/3-mediated  induction  of  specific 
responsive  promoters  that  contain  AP-1  DNA-binding  sites. 
On  TGF/3  treatment,  Smad3  and  Smad4  heteromerize  and 
enter  the  nucleus,  where  they  can  associate  with  TGF/3- 
responsive  promoters  by  binding  a  discreet  DNA  sequence 
and/or  AP-1  members  bound  to  AP-1  sites  on  the  same 
promoter.  Thus,  Smads  in  response  to  TGF/3  act  as  the 
signaling  intermediates  to  initiate  transcription  from  specific 
promoters  by  recruiting  required  factors  to  form  an  active 
transcriptional  complex.  The  transcriptional  adapter  molecule 
p300/CBP,  which  binds  directly  to  AP-1  and  serves  as  a 
coactivator  of  AP-l-mediated  transcription,  has  recently  been 
shown  to  associate  directly  with  Smads  in  response  to  TGF/3 
(41-44).  TGF/3-induced  Jun  modification  may  promote  the 
stability  of  these  interactions,  thereby  facilitating  complex 
formation.  Given  that  AP-1  complex  composition  depends  on 
differential  expression  of  specific  family  members,  the  distinct 
constitution  of  AP-1  complexes  in  different  cell  types  may 
contribute  to  promoter  targeting  specificity  by  TGF/3.  This 
possibility  is  supported  by  the  observation  that  under  condi¬ 
tions  where  Smads  bind  Jun  proteins,  Smads  are  unable  to 
associate  with  Fos  family  members.  Thus,  it  is  possible  that 
AP-1  complexes  containing  Fos  members  may  have  a  lower 
affinity  for  Smads  than  AP-1  complexes  containing  Jun-Jun 
dimers,  and  that  promoters  associated  with  these  specific  AP-1 
complexes  would  be  favored  for  Smad  binding  and  TGF/3- 
mediated  activation.  The  induced  interaction  of  Smads  with 
particular  AP-1  complexes  in  vivo  may  determine  the  ability  of 
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TGF/3  to  initiate  transcription  from  specific  AP-1  site- 
containing  promoters. 
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Smads  are  intermediate  effector  proteins  that  transduce  the  TGF-/3  signal  from  the  plasma 
membrane  to  the  nucleus,  where  they  participate  in  transactivation  of  downstream  target 
genes.  We  have  shown  previously  that  coactivators  p300/CREB-binding  protein  are 
involved  in  TGF-j3-mediated  transactivation  of  two  Cdk  inhibitor  genes,  p21  and  pl5. 
Here  we  examined  the  possibility  that  Smads  function  to  regulate  transcription  by 
directly  interacting  with  p300/CREB-binding  protein.  We  show  that  Smad3  can  interact 
with  a  C-terminal  fragment  of  p300  in  a  temporal  and  phosphorylation-dependent 
manner.  TGF-j3-mediated  phosphorylation  of  Smad3  potentiates  the  association  between 
Smad3  and  p300,  likely  because  of  an  induced  conformational  change  that  removes  the 
autoinhibitory  interaction  between  the  N-  and  C-terminal  domains  of  Smad3.  Consistent 
with  a  role  for  p300  in  the  transcription  regulation  of  multiple  genes,  overexpression  of 
a  Smad3  C-terminal  fragment  causes  a  general  squelching  effect  on  multiple  TGF- Ir¬ 
responsive  reporter  constructs.  The  adenoviral  oncoprotein  E1A  can  partially  block 
Smad-dependent  transcriptional  activation  by  directly  competing  for  binding  to  p300. 
Taken  together,  these  findings  define  a  new  role  for  phosphorylation  of  Smad3:  in 
addition  to  facilitating  complex  formation  with  Smad4  and  promoting  nuclear  translo¬ 
cation,  the  phosphorylation-induced  conformational  change  of  Smad3  modulates  its 
interaction  with  coactivators,  leading  to  transcriptional  regulation. 


INTRODUCTION 

TGF-B  is  a  growth  factor  that  regulates  various  cellu¬ 
lar  functions  in  many  cell  types  (Lyons  and  Moses, 
1990;  Massague,  1990;  Roberts  and  Sporn,  1993).  Cen¬ 
tral  to  this  is  its  ability  to  inhibit  cellular  proliferation 
by  causing  an  arrest  in  the  G1  phase  of  the  cell  cycle. 
In  addition,  TGF-/3  regulates  the  expression  of  many 
cellular  genes  involved  in  extracellular  matrix  produc¬ 
tion  and  turnover.  Clues  to  the  molecular  mechanisms 
through  which  TGF-0  exerts  these  cellular  effects  have 
come  from  the  discovery  of  the  Smad  family  of  pro¬ 
teins. 

*  These  authors  contributed  equally  to  this  work. 
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Smads  are  intermediate  effector  molecules  of  the 
signaling  pathways  of  the  TGF-/3  superfamily  of  li¬ 
gands.  To  date,  at  least  nine  Smads  have  been  cloned 
(Heldin  et  al,  1997;  Hu  et  al,  1998;  Massague,  1998). 
Among  them,  the  highly  related  Smad2  and  Smad3 
are  specific  effectors  for  TGF-/3  signaling  (Macias-Silva 
et  al,  1996;  Zhang  et  al.,  1996),  and  Smad  4  is  a  com¬ 
mon  partner  for  TGF-J3  superfamily  signaling  (Hahn  et 
al,  1996;  Lagna  et  al,  1996).  Smad  2  and  most  likely 
Smad3  are  phosphorylated  at  their  extreme  C  termi¬ 
nus  (SSVS)  by  type  I  receptor  during  TGF-/3  treatment 
(Macias-Silva  et  al,  1996;  Zhang  et  al,  1996).  This  phos¬ 
phorylation  overcomes  the  autoinhibitory  state  of 
Smad2  between  its  N  and  C  terminus,  promoting  its 
interaction  with  Smad4  and  subsequent  translocation 
to  the  nucleus  (Hata  et  al,  1997).  In  addition,  overex- 
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pression  of  Smad3  and  Smad4,  which  presumably 
leads  to  higher  absolute  levels  of  basally  phosphory- 
lated  forms  of  these  proteins,  can  cause  ligand-inde¬ 
pendent  transcriptional  activation  of  certain  TGF-/3- 
inducible  genes  such  as  plasminogen  activator 
inhibitor  1  (PAI-1)  (Zhang  et  al,  1996);  however,  the 
mechanism  leading  to  transcriptional  activation  is  still 
largely  unknown.  Smads  have  been  shown  to  bind 
DNA  directly  (Kim  et  al.,  1997;  Yingling  et  al,  1997), 
and  this  ability  to  bind  to  DNA  may  correlate,  at  least 
in  part,  with  transcriptional  activity  inherent  to  Smad 
molecules  and/or  in  conjunction  with  coactivator 
partners  (Liu  et  al,  1997;  Dennler  et  al,  1998;  Zawel  et 
al,  1998). 

Clues  to  the  biological  functions  of  Smads  have  also 
come  from  the  discovery  that  certain  Smads  are  tumor 
suppressors  mutated  in  human  cancers.  Smad4  was 
originally  identified  as  a  tumor  suppressor  on  chro¬ 
mosome  18q,  termed  DPC4,  which  is  mutated  in  50% 
of  human  pancreatic  cancers  (Hahn  et  al.,  1996).  Smad4 
mutations  and  deletions  have  been  discovered  in 
other  types  of  cancers,  including  breast,  ovary,  head, 
and  neck,  and  esophageal  cancers  (Barrett  et  al,  1996; 
Kim  et  al,  1996;  Nagatake  et  al,  1996;  Schutte  et  al, 
1996).  Smad2  is  also  defined  as  a  tumor  suppressor 
gene  because  its  mutations  have  been  found  in  colon 
and  head  and  neck  cancers  (Eppert  et  al,  1996).  These 
findings  suggest  a  role  for  Smads  in  cell  growth  reg¬ 
ulation  and  have  lead  to  the  hypothesis  that  the  Smads 
may  be  central  regulators  of  TGF-j8-mediated  growth 
inhibition  (Massague,  1998). 

Regulation  of  the  cell  cycle  in  the  G1  phase  is  de¬ 
pendent  on  the  activity  of  cyclin-dependent  kinase 
(Cdk)  complexes,  primarily  the  cyclin  D-Cdk4/Cdk6 
and  cyclin  E-Cdk2  complexes.  TGF-/3  has  been  shown 
to  cause  cell  cycle  arrest  by  inhibiting  the  Cdk  activi¬ 
ties  in  certain  cell  types  by  inducing  the  expression  of 
the  two  Cdk  inhibitors  pl5  and  p21  (Hannon  and 
Beach,  1994;  Datto  et  al,  1995a;  Reynisdottir  et  al, 
1995).  To  probe  the  signaling  mechanism  by  which 
TGF-/3  regulates  cell  cycle  progression,  we  previously 
mapped  the  TGF-j8-responsive  elements  of  the  pl5 
and  p21  promoters  to  Spl  binding  sites  in  HaCaT  cells 
(Datto  et  al,  1995a,b;  Li  et  al,  1995).  Subsequently,  we 
found  that  canonical  Spl  binding  sites  can  function  as 
a  distinct  TGF-/3-responsive  element  for  TGF-/3-medi- 
ated  promoter  expression,  and  Spl  protein,  but  not 
family  member  Sp3,  can  mediate  this  response  (Li  et 
al,  1998a). 

In  a  separate  study,  we  demonstrated  that  the  coac¬ 
tivator  p300  is  required  for  the  TGF-/3-mediated  in¬ 
duction  of  pl5  and  p21  (Datto  et  al,  1997).  p300  is  a 
phosphoprotein  that  was  first  discovered  in  anti-ElA 
cellular  immunoprecipitates  (Eckner  et  al,  1994),  and 
it  has  a  functional  homologue,  CREB-binding  protein 
(CBP),  that  also  binds  to  E1A  (Chrivia  et  al,  1993).  In 
HaCaT  cells,  the  ability  of  E1A  to  abolish  TGF-/3- 


mediated  growth  inhibition,  in  addition  to  its  binding 
and  inactivation  of  the  retinoblastoma  protein  Rb,  ap¬ 
pears  to  stem  from  its  binding  to  p300/CBP,  which 
prevents  TGF-/3-mediated  induction  of  pl5  and  p21 
and  relieves  cyclin-Cdk  repression  (Missero  et  al, 
1995;  Datto  et  al,  1997).  Although  p300/CBP  was 
shown  to  be  required  for  pl5  and  p21  induction,  the 
mechanism  by  which  its  activity  is  modulated  by  the 
TGF-/3  signal  remains  unresolved. 

Because  p300/CBP  appears  to  be  essential  in  TGF- 
/3-mediated  growth  inhibitory  signaling  and  because 
the  Smads,  by  their  nature  as  tumor  suppressors,  have 
also  been  implicated  in  growth  control,  we  chose  to 
explore  the  possibility  of  a  functional  or  physical  in¬ 
teraction  between  these  proteins.  In  this  report,  we 
show  that  Smad3  interacts  with  p300  in  a  temporal 
and  TGF-/3-regulated  phosphorylation-dependent 
manner.  Thus,  Smad3  may  play  a  role  as  a  mediator  of 
the  TGF-/3  growth  inhibitory  signaling  pathway.  This 
notion  is  supported  by  the  recent  finding  that  overex¬ 
pression  of  Smad3  and  Smad4  could  lead  to  a  dra¬ 
matic  ligand-independent  transactivation  of  the  p21 
promoter  in  a  hepatic  cell  line  (Moustakas  and  Kar- 
dassis,  1998).  Furthermore,  we  provide  evidence  that 
the  interaction  between  Smad3  and  p300  may  be  es¬ 
sential  for  the  transcriptional  responses  of  multiple 
target  genes  to  TGF-/3-  Specifically,  the  Smad-depen- 
dent  induction  of  the  PAI-1  gene  by  TGF-/3  is  blocked 
by  E1A  but  not  by  an  E1A  mutant  deficient  in  p300 
binding,  implicating  the  interaction  between  Smad3 
and  p300  as  an  important  requirement  for  TGF-/3  sig- 
naling. 

MATERIALS  AND  METHODS 
Antibodies  and  Reagents 

Human  TGF-/31  was  a  generous  gift  from  Amgen.  Anti-HA  was 
from  Boehringer  Mannheim  (Indianapolis,  IN).  Anti-Smad3  anti¬ 
body  was  generated  against  a  specific  peptide  (DAGSPNLSPN- 
PMSPAHNNLD)  in  the  linker  region  of  Smad3  and  purified  in  this 
laboratory;  anti-Smad4  (sc-7966)  and  anti-p300  (sc-584  AC)  antibod¬ 
ies  were  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  TNT 
SP6-coupled  reticulocyte  lysate  system  was  from  Promega  (Madi¬ 
son,  WI).  Calf  intestine  alkaline  phosphatase  (CIAP)  and  potato  acid 
phosphatase  (PAP)  were  from  Boehringer  Mannheim. 

Cell  Culture 

Human  HaCaT  cells  were  a  generous  gift  from  Drs.  P.  Baukamp  and 
N.  Fusenig  (Institute  of  Biochemistry  and  Molecular  Biology,  Hei¬ 
delberg,  Germany).  They  were  grown  in  MEM  supplemented  with 
10%  FBS  and  2  mM  L-glutamine  (Life  Technologies,  Gaithersburg, 
MD).  COS  cells  were  maintained  in  DMEM  with  10%  FBS. 

Plasmids 

HA-tagged  Smad3  has  been  described  previously  (Yingling  et  al, 
1996).  pCMV5-Smad3  C-HA  (aa  199-424),  Smad4C-HA  (aa  266- 
552),  Smad3-Flag,  Smad3NL-Flag,  Smad3CAC-Flag,  and  Smad3AC- 
Flag  were  generous  gifts  from  Dr.  Rik  Derynck  (Zhang  et  al,  1997). 
GST-p300M  (aa  744-1571)  and  GST-p300C  (aa  1572-2414)  were  gen- 
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erous  gifts  from  Dr.  Yang  Shi  (Lee  et  al,  1995).  PAI-l-Luc  (Zhang  et 
al,  1996),  3TP-Lux  (Wrana  et  al,  1992),  pl5P113-Luc  (Li  et  al,  1995), 
P21P-Luc  (Datto  et  al,  1995b),  and  GIlxkB  (Li  et  al,  1998b)  have  been 
described  previously. 


GST  Pull-down  Assays 

The  bacterial  strain  TOPP1  containing  GST-p300M  and  GST-p300C 
was  grown  in  5  ml  of  Luria  broth  media  overnight  at  37°C.  The  next 
day,  the  cultures  were  transferred  to  flasks  containing  50  ml  of  Luria 
broth  and  shaken  vigorously  for  1  h  (optical  density,  —0.6)  at  37°C. 
Isopropyl thio- /3-D-galactaside  (0.5  mM)  was  then  added  to  the  cul¬ 
ture  and  shaken  vigorously  for  another  3  h  at  37°C.  Cells  were 
sonicated  four  times  on  ice  in  30  s  intervals.  Lysates  were  clarified 
by  centrifugation  at  7000  rpm  before  addition  of  200  fil  of  a  50% 
slurry  of  lysis  buffer-equilibrated  glutathione  beads.  After  a  4  h 
incubation  at  4°C,  the  beads  were  pelleted  by  centrifugation  at  1000 
rpm  and  washed  three  times  in  lysis  buffer  before  resuspension  in  1 
ml  of  lysis  buffer.  In  GST  pull-down  assays,  equal  amounts  of  cell 
lysates  or  in  vitro  translated  product  were  incubated  with  immobi¬ 
lized  GST  beads  in  lysis  buffer  (50  mM  Tris-HCL,  pH  7.5, 150  mM 
NaCl,  0.5%  Nonidet  P-40,  50  mM  NaF,  1  mM  sodium  orthovana¬ 
date,  1  mM  DTT,  1  mM  phenylmethyl-sulfonyl  fluoride  and  pro¬ 
tease  inhibitors)  at  4°C  for  2  h.  After  the  beads  were  washed  four 
times  with  lysis  buffer,  the  bound  proteins  were  eluted  by  boiling  in 
1 X  Laemmli  sample  buffer  and  subjected  to  immunoblot  analysis. 
For  phosphatase  treatment,  cell  lysates  were  made  with  or  without 
phosphatase  inhibitor  1  mM  sodium  orthovanadate,  50  mM  NaF,  20 
mM  j3-glycerophosphate,  and  0.1  mM  sodium  molybdate,  and  then 
treated  with  2  U  CIAP  and  2  fig  PAP  at  37°C  for  15  min.  Thirty 
micrograms  of  treated  lysates  were  used  as  control  in  immunoblot- 
ting,  and  the  rest  of  the  lysates  were  used  for  GST  pull-down  assays. 


Luciferase  Assays 

Transfections  were  performed  by  using  a  standard  DEAE-dextran 
transfection  protocol  (Li  et  al,  1995).  Briefly,  150,000  cells  were 
plated  onto  each  well  of  a  six-well  plate  and  grown  overnight.  The 
cells  were  then  washed  once  with  PBS  and  incubated  in  serum-free 
MEM  containing  100  /rM  chloroquine.  The  DEAE-dextran  mixture 
containing  DNA  was  then  added  to  the  cells  and  incubated  for  3  h. 
The  cells  were  then  glycerol-shocked  for  2  min  and  incubated  in 
medium  containing  10%  FBS.  Twelve  hours  after  transfection,  100 
pM  TGF-/31  was  added,  and  TGF-/3-induced  luciferase  activity  was 
assayed  after  24  h.  Luciferase  assays  were  performed  as  described 
previously  (Li  et  al,  1995). 


Immunoprecipitation  and  Western  Blot  Analysis 

Cells  after  treatment  were  harvested  in  lysis  buffer  described  above. 
Agarose-conjugated  p300  antibodies  (5  fil)  were  added  into  -300  fig 
of  lysate  and  incubated  at  4°C  for  at  least  3  h.  The  beads  were 
washed  three  times  with  0.5  ml  of  lysis  buffer.  Then  loading  buffer 
containing  N-ethylmaleimide  instead  of  DTT  was  added  and  incu¬ 
bated  at  room  temperature  for  20  min  to  shift  the  heavy  chain  of 
antibodies  to  a  higher  position  before  loading  on  the  gel  for  Western 
blot  analysis. 

Proteins  from  HaCaT  lysates  or  transfected  COS  lysates  were 
resolved  by  SDS-PAGE  and  transferred  to  Immobilon-P  (Millipore, 
Bedford,  MA).  The  membranes  were  then  blocked  in  5%  nonfat  milk 
in  IX  PBS  and  0.1%  Tween  20.  The  blots  were  incubated  with 
primary  antibody  in  block  solution  for  1  h  at  room  temperature  and 
subsequently  washed  three  times  in  PBS/Tween.  The  appropriate 
secondary  antibody  was  added  for  1  h  at  room  temperature.  After 
three  washes  with  PBS/Tween,  the  immunoreactive  proteins  were 
visualized  by  ECL  (Amersham,  Buckinghamshire,  UK)  and  autora¬ 
diography. 


RESULTS 

Smad3  Binds  the  p300  C-Terminal  Fragment 
To  examine  whether  p300  and  Smad3  can  interact  with 
each  other,  we  performed  pull-down  experiments  using 
two  p300  fragments,  GST-p300M  (aa  744-1571)  and  GST- 
p300C  (1572-2414)  (Lee  et  al,  1995),  with  COS  cell  lysates 
containing  overexpressed  HA-tagged  Smad3  and  the 
N-terminal-truncated  Smad3  (aa  199-424),  termed 
Smad3C.  As  shown  in  Figure  1A,  Smad3C  can  interact 
strongly  with  GST-p300C  but  not  GST-p300M.  Intrigu- 
ingly,  the  full-length  Smad3  interacts  only  weakly  with 
both  GST-p300M  and  GST-p300C. 

To  further  define  the  region  of  interaction  on  Smad3, 
as  well  as  to  determine  whether  this  association  is 
direct,  35S-labeled  in  vitro-translated  full-length 
Smad3  and  the  indicated  fragments  were  used  to  per¬ 
form  additional  pull-down  experiments  with  GST- 
p300C  (Figure  IB).  Consistent  with  the  pull-down  ex¬ 
periment  with  COS  lysates,  full-length  Smad3  and  the 
Smad3  N-terminal  fragment  were  found  to  interact 
weakly  with  p300C,  in  comparison  with  the  strong 
interactions  between  p300C  and  Smad3AC  or  p300 
and  Smad3CAC.  This  suggests  that  the  region  of  in¬ 
teraction  with  p300  is  between  aa  199  and  381  of 
Smad3.  Most  importantly,  these  results  indicate  that 
deletion  of  either  the  N  or  distal  C  terminus  of  Smad3 
can  strongly  enhance  its  interaction  with  p300,  sug¬ 
gesting  that  the  unmodulated  conformation  of  full- 
length  Smad3  may  be  inaccessible  to  p300  interaction. 

T o  determine  whether  p300  could  also  interact  with 
Smad4,  the  binding  partner  of  Smad3,  we  repeated  the 
GST-p300C  pull-down  experiments  with  COS  lysates 
containing  overexpressed  Smad4  (aa  1-552)  and 
Smad4C  (aa  266-552).  As  shown  in  Figure  1C,  p300 
was  found  to  associate  with  Smad4C  but  not  with 
full-length  Smad4.  This  result  suggests  that  Smad4C, 
when  overexpressed,  also  has  the  ability  to  interact 
with  p300. 

TGF-fi  Induces  the  Association  between  Smad3  and 
p300 

Because  either  the  N-  or  the  C-terminal  truncated 
Smad3  protein  fragment  interacts  with  p300  more 
strongly  than  full-length  protein,  we  reasoned  that  the 
conformation  of  unstimulated  Smad3  is  likely  to  be 
autoinhibitory  in  a  manner  similar  to  that  previously 
demonstrated  for  Smad2  (Hata  et  al.,  1997).  Hence, 
TGF-/3  type  I  receptor-mediated  phosphorylation  of 
the  SSVS  motif  in  the  C-terminal  region  of  Smad3  and 
subsequent  relief  of  the  autoinhibited  conformation  of 
this  protein  are  necessary  for  the  interaction  with  p300 
to  occur.  To  test  this  hypothesis,  we  treated  HaCaT 
cells  with  TGF-/3  for  increasing  lengths  of  time  and 
used  GST-p300C  to  pull  down  endogenous  Smad3. 
The  total  amount  of  Smad3  protein  did  not  change 
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with  up  to  4  h  of  TGF-/3  treatment  of  these  cells  (Figure 
2A).  At  time  0,  we  found  that  GST-p300C  did  not 
interact  with  endogenous  Smad3;  however,  in  lysates  * 
from  cells  treated  with  TGF-/3  for  10  min  up  to  2  h, 
GST-p300  was  readily  able  to  interact  with  endoge¬ 
nous  Smad3.  Complex  formation  between  Smad3  and 
p300  peaks  at  30  min  and  completely  diminishes  by 
the  4  h  time  point  (Figure  2A).  This  time  course  of 
observed  interaction  parallels  that  for  Smad  phos¬ 
phorylation  after  TGF-j3  treatment  (Yingling  et  al, 

1996).  This  result  strongly  suggests  that  the  interaction 
between  Smad3  and  the  coactivator  p300  is  a  TGF-/3- 
regulated  event  that  correlates  directly  with  the  phos¬ 
phorylation  of  Smad3. 

To  further  probe  the  mechanism  underlying  the 
TGF-/3-induced  temporal  association  between  Smad3 
and  p300,  we  treated  HaCaT  lysates  with  phospha¬ 
tases  (CIAP  and  PAP)  to  determine  whether  phos¬ 
phorylation  was  the  underlying  event  required  for  this 
association.  In  the  phosphatase-treated  lysates  of  cells 
incubated  with  TGF-/3  for  30  min,  the  interaction  of 
Smad3  with  GST-p300C  was  almost  completely  abol¬ 
ished  (Figure  2B).  It  is  also  of  note  that  without  exog¬ 
enous  phosphatase  treatment,  this  interaction  is 
greatly  reduced  in  the  absence  of  phosphatase  inhibi¬ 
tors  in  the  lysis  buffer  (Figure  2B,  lane  7)  and  suggests 
that  this  reduced  association  is  a  result  of  Smad3 
dephosphorylation  by  endogenous  phosphatases.  As 
a  control,  it  is  demonstrated  that  the  total  amount  of 
Smad  3  protein  is  not  affected  by  the  indicated  phos¬ 
phatase  incubation  conditions.  These  results  demon¬ 
strate  that  the  TGF-/3-induced  conformational  change 
of  Smad3,  most  likely  through  the  phosphorylation  of 
Smad3  at  its  C-terminal  region,  is  required  for  its 
interaction  with  p300.  This  notion  is  further  supported 
by  the  results  shown  in  Figure  IB,  in  which  it  is 
demonstrated  that  Smad3AC  and  Smad3CAC,  both  of 
which  lack  the  SSVS  site  of  phosphorylation,  have  a 
much  stronger  affinity  for  p300C,  and  suggests  that 
these  sites  of  phosphorylation  are  not  required  for  the 
interaction  of  Smad3  with  p300  but  rather  that  the 
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Figure  1.  p300  C-terminal  region  interacts  with  Smad3C  and 
Smad4C.  (A)  p300C  interacts  with  Smad3C.  HA-tagged  full-length 
Smad3  and  Smad3  C-terminal  fragment  (aa  199-424)  constructs 
were  transfected  into  COS  cells  as  indicated.  Cells  were  harvested 
48  h  after  transfection,  and  GST  pull-downs  were  performed  using 
GST-p300M  (aa  744-1571)  and  GST-p300C  (aa  1572-2414).  The 
bound  proteins  were  analyzed  by  immunoblotting  with  antibodies 
against  HA.  The  lysates  in  lanes  1  and  2  represent  —12%  of  the 
amount  used  for  the  pull-down.  (B)  A  region  between  aa  199  and 
381  of  Smad3  interacts  with  p300.  Smad3  and  truncated  forms  were 
in  vitro-translated  using  rabbit  reticulocyte  lysates.  Ten  microliters 
of  the  35S-labeled  proteins  were  incubated  with  GST-p300C  beads 
for  2  h  at  4°C,  and  the  bound  proteins  were  analyzed  by  SDS-PAGE 
followed  by  fluorography.  (C)  Smad4C  can  interact  with  p300C. 
HA-Smad4  and  Smad4C  (aa  266-552)  were  transfected  into  COS 
cells,  and  the  lysates  were  pulled  down  with  GST-p300C  as  in  A. 
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Fieure  2  TGF-/3  regulates  the  interaction  of  Smad3  and  p300  in  a  temporal  and  phosphorylation-dependent  manner.  (A)  The  time  course 
of  interaction  between  Smad3  and  p300  after  TGF-J3  treatment.  HaCaT  cells  were  treated  with  TGF-0  for  0-4  h.  Total  cell  tysates  were used 
for  the  GST-p300C  pull-down  assay  as  described  in  MATERIALS  AND  METHODS.  Bound  proteins  were  separated  by  SDS-PAGE  and 
immunoblotted  with  antibodies  against  Smad3.  (B)  The  association  of  Smad3  and  p300  is  phosphorylation  dependent.  HaCaT  cells  were 
treated  with  TGF-/3  for  0  and  30  min,  and  then  lysates  were  treated  with  phosphatases  CIAP  and  PAP,  as  described  in  MATERIALS  AND 
METHODS  and  used  for  the  GST-p300C  pull-down  assay  as  in  A.  Bound  proteins  were  separated  by  SDS-PAGE  and  immunoblotted  with 
antibodies  against  Smad3.  (C)  Endogenous  Smad3,  but  not  Smad4,  interacts  with  GST-p300C  after  TGF-/3  treatment.  HaCaT  lysates  treated 
with  TGF-/3  for  0  and  30  min  were  precipitated  by  GST-p300C  and  then  immunoblotted  with  antibodies  against  Smad3  and  Smad4.  (D)  SrnadJ 
interacts  with  p300  in  vivo.  HaCaT  cells  were  incubated  with  TGF-J3  for  30  min.  Lysate  (300  (xg)  was  used  for  immunoprecipitation  using 
agarose-conjugated  antibodies  against  p300  and  then  immunoblotted  with  antibodies  against  Smad3.  Thirty  micrograms  of  lysates  were 
loaded  on  the  gel  to  shown  the  correct  size  of  Smad3. 


phosphorylation-induced  conformational  change  of 
Smad3  is  the  essential  event. 

We  also  determined  whether  Smad4,  when  expressed 
at  endogenous  levels,  can  bind  to  p300  in  a  TGF-/3- 
regulated  manner  in  the  same  system.  In  HaCaT  lysates 
either  untreated  or  incubated  with  TGF-0  for  30  min, 
Smad4  was  not  able  to  associate  with  GST-p300C, 
whereas  Smad3  was  TGF-0-indudbly  associated  with 
p300  in  the  same  experiment  (Figure  2C).  Thus,  although 
both  Smad3  and  Smad4  have  the  potential  to  interact 
with  p300  as  demonstrated  by  the  COS  overexpression 
experiment  (Figure  1,  A  and  C),  only  endogenous  Smad3 
but  not  Smad4  can  interact  with  p300  during  TGF-/3 
treatment.  This  is  probably  because  only  Smad3  can 
undergo  phosphorylation  during  TGF-/3  treatment, 
which  will  lead  to  a  conformational  change  favorable  for 
the  interaction  with  p300. 

To  demonstrate  an  in  vivo  interaction  between  Smad3 
and  p300,  we  performed  immunoprecipitation  and 


Western  blot  analysis  using  HaCaT  cell  lysates.  Cells 
untreated  or  treated  with  TGF-/3  for  30  min  were  har¬ 
vested,  immunoprecipitated  with  agarose-conjugated 
p300  antibodies,  and  blotted  with  the  anti-Smad3  anti¬ 
body.  As  shown  in  Figure  2D,  the  association  between 
Smad3  and  p300  is  observed  only  after  TGF-/3  treatment, 
a  result  fully  consistent  with  that  of  the  GST  pull-down 
assay.  Taken  together,  these  results  indicate  that  Smad3 
interacts  with  p300  in  a  temporal  and  ligand-induced 
phosphorylation-dependent  manner. 

Overexpression  of  SmadSC  Has  a  Squelching  Effect 
on  Multiple  TGF-fi-regulated  Promoters 
To  further  explore  the  functional  significance  of  the 
interaction  between  Smad3  and  p300,  we  tested 
whether  the  overexpression  of  Smad3C  (aa  199-424), 
a  Smad3  fragment  that  can  constitutively  bind  to  p300, 
could  affect  TGF-j3-mediated  transactivation  of  multi- 
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Figure  3.  Overexpression  of 
Smad3C  has  a  squelching  effect 
on  multiple  TGF-/3-responsive  re¬ 
porter  genes.  Three  micrograms 
of  HA-tagged  Smad3C  were  co¬ 
transfected  with  3  jutg  of  different 
reporter  constructs  into  HaCaT 
cells  as  indicated.  The  total  DNA 
amount  was  kept  constant  by 
adding  pCDNA3. 


pie  target  genes.  As  shown  in  Figure  3,  cotransfection 
of  Smad3C  with  PAI-l-Luc,  3TP-Lux,  CIIXkB,  a  min¬ 
imal  responsive  reporter  construct  containing  NFkB 
sites  (Li  et  al.,  1998a,b),  and  the  minimal  promoter  for 
the  pl5  gene,  pl5P113-Luc,  caused  a  dramatic  de¬ 
crease  in  TGF-/3-induced  transcriptional  activity.  This 
broad  spectrum  of  transcriptional  inhibition  by  the 
overexpressed  Smad3C  may  be  the  result  of  a  seques¬ 
tration  of  a  common  factor,  likely  the  coactivator 
p300/ CBP,  although  we  cannot  rule  out  the  possibility 
that  titration  of  endogenous  Smad4  or  other  factors 
also  plays  a  role  in  this  process.  These  results  never¬ 
theless  suggest  that  p300,  and  possibly  the  interaction 
between  Smad3  and  p300,  may  be  required  for  the 
mediation  of  TGF-j3-signaling  pathways  leading  to 
the  activation  of  multiple  genes  involving  different 
families  of  transcription  factors. 

E1A  Competes  with  Smad3  for  Binding  to  p300 

We  and  others  have  shown  previously  that  the  adeno¬ 
viral  oncoprotein  E1A  is  able  to  antagonize  TGF-/3- 
mediated  transcription  and  growth  inhibition  (Pieten- 
pol  et  al,  1990;  Missero  et  al,  1991;  Abraham  et  al, 
1992;  Datto  et  al,  1997).  This  activity  of  E1A  is  depen¬ 
dent  on  its  ability  to  bind  to  two  main  target  proteins, 
p300/CBP  and  pRB.  The  demonstration  here  that 
Smad3  interacts  with  p300  in  a  temporal  and  phos¬ 
phorylation-dependent  manner  indicates  that  this  in¬ 
teraction  may  be  important  for  the  transactivation 
ability  of  Smads.  To  test  whether  E1A  can  act  to  block 
Smad-mediated  transcription  activation  in  a  p300-de- 
pendent  manner,  we  examined  the  effect  of  El  A  on  the 
TGF-/3-induced  expression  of  PAI-l-Luc  and  3TP-Lux, 
two  reporters  that  have  been  shown  to  require  Smads 
for  transcriptional  activation.  As  shown  in  Figure  4A, 
E1A  can  dramatically  inhibit  the  TGF-j3-mediated 


transactivation  of  these  two  promoters  in  HaCaT  cells 
cotransfected  with  either  of  these  two  reporter  con¬ 
structs.  Furthermore,  the  inhibitory  effect  of  E1A  on 
the  TGF-j8  induction  of  the  two  promoters  was  signif¬ 
icantly  reduced  when  HaCaT  cells  were  cotransfected 
with  an  E1A  mutant,  A2-36,  that  is  severely  attenuated 
in  p300  binding  (Kraus  et  al,  1992;  Wang  et  al,  1993). 
Both  promoters  have  been  previously  shown  to  be 
transcriptionally  activated  in  a  ligand-independent 
manner  during  cotransfection  of  Smad3  and  Smad4. 
Consistent  with  the  notion  that  Smad3  and  Smad4 
play  a  role  as  effectors  for  TGF-/3  in  this  transactivation 
event  by  binding  to  p300,  E1A  greatly  reduced  the 
20-fold  ligand-independent  transactivation  of  the 
PAI-1  reporter  resulting  from  cotransfected  Smad3 
and  Smad4,  whereas  cotransfection  of  the  mutant 
E1A,  A2-36,  only  partially  affected  the  Smad3/Smad4 
ligand-independent  effect  (Figure  4B). 

Because  the  El  A  binding  site  of  p300  has  been  pre¬ 
viously  mapped  to  the  C-terminal  region,  which  is 
now  shown  to  interact  with  Smad3,  we  next  tested 
whether  E1A  acts  to  affect  TGF-/3— induced  transcrip¬ 
tion  by  competing  with  Smad3  for  p300  binding.  Con¬ 
sistent  with  this  model,  increasing  amounts  of  bacte- 
rially  produced  6XHis-tagged  E1A  decreased  the 
ability  of  Smad3C  to  interact  with  GST-p300C  in  an  in 
vitro  binding  assay  (Figure  4C).  This  result  implicates 
a  mechanism  by  which  E1A  antagonizes  TGF-j8-me- 
diated  transcriptional  activation  and  growth  inhibi¬ 
tion  through  its  competition  with  Smad3  for  binding 
to  the  coactivator  p300. 


DISCUSSION 

In  this  report,  we  present  data  supporting  a  model  for 
the  mechanism  by  which  Smads  function  to  activate 
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Figure  4.  El  A  inhibits  Smad-dependent  transcriptional  activation. 
(A)  E1A,  but  not  the  p300  binding  mutant  E1AA2-36,  blocks  tran¬ 
scriptional  activation  of  3TP-Lux  and  PAI-l-Luc.  HaCaT  cells  were 
cotransfected  with  3  /xg  of  3TP-Lux  or  PAI-l-Luc  reporter  constructs 
and  4  /xg  of  the  indicated  E1A  expression  constructs.  The  total 
amount  of  DNA  was  kept  constant  with  the  addition  of  vector 
control  pCDNA3.  TGF-/3  was  added  12  h  after  transfection,  and 
luciferase  activity  was  measured  24  h  later.  Error  bars  represent  the 
SD  for  duplicate  transfections  in  a  single  experiment.  "E1A"  stands 
for  wild-type  E1A,  and  //A2— 36”  stands  for  E1AA2— 36  mutant.  (B) 
The  transcriptional  activation  induced  by  Smad3/Smad4  overex¬ 
pression  is  inhibited  by  E1A  in  a  p300-dependent  manner.  HaCaT 
cells  were  cotransfected  with  3  /xg  of  PAI-1,  3  /xg  of  Smad3/Smad4, 
and  4  /xg  of  E1A  expression  constructs  as  indicated.  The  total  DNA 
amount  was  kept  constant  with  the  addition  of  pCDNA3.  After 
transfection  and  TGF-/3  treatment,  luciferase  activity  was  measured 
as  above.  (C)  E1A  can  compete  with  Smad3  for  interaction  with 
p300.  COS-o verexpressed  HA-tagged  Smad3C  (aa  199-424)  was 
used  to  access  the  ability  of  Smad3  to  interact  with  p300  in  the 
presence  of  El  A.  Eluted  bacterial-produced  6XHis  El  A  was  added 
in  increasing  amounts  from  lanes  2  to  4  to  the  GST-p300C  pull-down 


transcription  through  a  TGF-|3-regulated  interaction 
with  coactivator  p300/CBP.  In  this  model  (Figure  5), 
TGF-/3  treatment  initiates  a  kinase  cascade  that  results 
in  the  phosphorylation  of  Smad3,  followed  by  its  het- 
eromerization  with  Smad4  and  subsequent  transloca¬ 
tion  into  the  nucleus.  Once  in  the  nucleus,  phosphor- 
ylated  Smad3  can  interact  with  the  coactivator  p300/ 
CBP,  and  likely  other  transcription  factors,  to  activate 
transcription  from  TGF-/3  target  genes.  In  this  se¬ 
quence  of  signaling  events,  the  differential  association 
of  Smad3  with  p300/CBP  in  a  temporal  and  phospho¬ 
rylation-dependent  manner  plays  a  key  role  in  the 
regulatory  mechanism  by  which  TGF-J3  activates  the 
transcription  of  downstream  genes.  In  this  context, 
El  A  can  prevent  the  Smad3-dependent  activation  of 
target  promoters  by  competing  with  Smad3  for  p300/ 
CBP  binding.  This  model  is  supported  by  three  recent 
reports  demonstrating  the  interaction  between  Smad2 
or  Smad3  and  p300/CBP  (Feng  et  al,  1998;  Janknecht 
et  al,  1998;  Topper  et  ah,  1998). 

Transcriptional  activation  in  general  can  be  regu¬ 
lated  at  multiple  levels:  de  novo  synthesis  of  a  tran¬ 
scription  factor,  translocation  of  the  transcription  fac¬ 
tor  from  cytosol  to  nucleus,  or  posttranslational 
modification.  In  the  case  of  Smad-mediated  signaling, 
both  changes  in  localization  and  phosphorylation  play 
a  role  in  their  ability  to  transactivate  downstream 
genes  during  TGF-/3  treatment.  One  model  suggests 
that  phosphorylation  of  the  three  C-terminal  serine 
residues  on  Smad2  (SSVS)  by  the  TGF-/3  type  I  recep¬ 
tor  changes  Smad2  conformation  to  a  state  in  which 
the  Smad2  N-terminal  arm,  which  normally  acts  to 
inhibit  its  biologically  active  C  terminus,  dissociates 
from  the  C  terminus.  This,  in  turn,  promotes  the  as¬ 
sociation  of  phosphorylated  Smad2  with  Smad4  and 
subsequent  translocation  of  the  complex  into  the  nu¬ 
cleus  (Hata  et  al,  1997).  Building  on  this  working 
model,  our  results  suggest  that  aside  from  its  role  in 
complex  formation  and  nuclear  translocation,  phos¬ 
phorylation-induced  conformational  change  is  also 
important  for  Smad3  nuclear  function  in  terms  of  pro¬ 
moting  interaction  with  p300/CBP.  This  may  be  ex¬ 
plained  by  the  possibility  that  the  p300-binding  do¬ 
main  of  Smad3  is  masked  when  it  is  in  an 
unphosphorylated  autoinhibited  conformation.  As  for 
Smad4,  we  were  unable  to  show  that  endogenous 
Smad4  interacts  with  p300/CBP  during  TGF-/3  treat¬ 
ment,  probably  because  of  the  lack  of  phosphorylation 
during  the  treatment;  however,  because  Smad4  is 
known  to  interact  with  Smad3  in  a  DNA  binding 
complex  during  TGF-/3  treatment,  it  is  very  likely  that 
Smad4  is  contained  in  a  functional  complex  containing 


Figure  4  (cont).  reaction.  After  incubation  at  4°C  for  2  h,  the  bound 
proteins  were  washed  three  times  with  lysis  buffer  and  immuno- 
blotted  with  antibodies  against  HA. 
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PAM  promoter 


p21  and  p15  promoters 


Figure  5.  Proposed  model  for  Smad-dependent  TGF-/3  signal  transduction  pathway.  TGF-/3  treatment  initiates  a  receptor  kinase  cascade  that 
results  in  the  phosphorylation  of  Smad3.  The  phosphorylation  of  Smad3  weakens  the  interaction  between  the  N  and  C  terminal  regions  of 
bmad3,  enabling  its  interaction  with  Smad4  and  subsequent  nuclear  translocation  of  the  complex.  Once  in  the  nucleus,  Smad3  is  able  to 
associate  with  p300  because  of  the  phosphorylation-induced  unmasking  of  the  p300  interaction  region  of  Smad3.  The  Smad3-p300 /CBP 
interaction  synergizes  with  APl-p300/CBP  interaction  to  activate  transcription  for  PAI-1  promoter.  The  mechanism  underlying  the 
IGF-p-mduced  transactivation  of  the  p21  and  pl5  promoters  may  require  both  the  Smad3-p300/CBP  interaction  and  additional  signals  that 
may  modulate  the  interaction  between  Spl  and  the  rest  of  the  transcriptional  complex. 


both  p300/ CBP  and  Smad3.  The  detection  of  Smad4  in 
such  a  complex  may  be  difficult  in  our  pull-down 
experiments  because  the  interaction  is  through  Smad3. 
Furthermore,  an  excess  amount  of  GST-p300C  could 
potentially  interfere  with  the  association  between 
Smad3  and  Smad4. 

Once  in  the  nucleus,  Smads  may  cooperate  with  the 
coactivator  p300/CBP,  as  well  as  other  transcription 
factors,  to  recruit  the  basal  transcriptional  machinery 
to  the  promoter  to  initiate  transcription.  Smads  may 
direct  the  formation  of  such  higher  order  complexes  to 
specific  promoters  through  their  direct  binding  to  spe¬ 
cific  DNA  sequences  (Chen  et  al.,  1997;  Yingling  et  al., 


1997;  Dennler  et  al,  1998),  as  well  as  potentially  to 
other  transcription  factors,  such  as  Fos  and  Jun  of  the 
AP-1  complex,  a  possibility  implicated  by  our  previ¬ 
ous  work  suggesting  a  necessary  functional  interac¬ 
tion  between  Smads  and  AP-1  in  the  transactivation  of 
the  3TP-Lux  reporter  (Yingling  et  al,  1997).  Indeed, 
both  the  p3TP-Lux  and  PAI-1  promoters  contain 
Smad-specific  binding  sequences  as  well  as  AP-1  ele¬ 
ments  that  appear  to  be  important  in  modulating  the 
TGF-/3  and  Smad-dependent  responses  (Yingling  et  al, 
1997;  Dennler  et  al,  1998).  It  is  also  worth  noting  that 
both  Fos  and  Jun  can  directly  associate  with  p300/ 
CBP  (Arias  et  al,  1994)  and  consequently  strengthen 
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the  interactions  among  diiferent  components  in  the 
preinitiation  complex.  After  it  is  recruited  to  specific 
promoters,  p300/CBP  may  also  help  to  stabilize  the 
preinitiation  complex  by  making  additional  contacts 
with  TBP  and  TFIIB  (Kwok  et  al,  1994;  Swope  et  al, 
1996;  Dallas  et  al.,  1997).  Recent  studies  have  sug¬ 
gested  an  important  enzymatic  function  for  p300/CBP 
as  a  histone  and  protein  acetyltransferase,  paramount 
to  its  ability  to  initiate  transcription  (Ogryzko  et  al., 
1996;  Gu  and  Roeder,  1997).  In  this  model,  binding  of 
p300/CBP  to  transcription  factors,  such  as  Smad3/ 
Smad4  and  Jun/Fos,  may  allow  its  acetyltransferase 
activity  to  acetylate  surrounding  histones,  thereby 
loosening  the  chromatin  and  increasing  the  accessibil¬ 
ity  of  the  preinitiation  complex  to  DNA. 

Many  other  transcription  factors  also  require  p300 
and  CBP  for  transcriptional  activation  (Arias  et  al., 
1994;  Bhattacharya  et  al,  1996;  Chakravarti  et  al.,  1996; 
Kamei  et  al,  1996).  Because  cellular  concentrations  of 
p300  and  CBP  are  limited,  one  would  expect  that  these 
transcription  factors  will  compete  for  p300  and  CBP. 
This  has  been  demonstrated  in  steroid  hormone  sig¬ 
naling  where  overexpression  of  the  nuclear  receptor 
for  steroid  hormone  can  inhibit  phorbol-ester-acti- 
vated  transcription  from  AP-1  sites  by  competing  for 
p300  and  CBP  (Kamei  et  al,  1996).  Consistent  with 
this,  as  well  as  with  the  finding  that  a  specific  region  of 
Smad3  can  interact  strongly  with  p300/CBP,  tran¬ 
scriptional  activation  of  multiple  TGF-0-responsive 
promoters  was  dramatically  inhibited  during  Smad3C 
overexpression  (Figure  3),  suggesting  that  p300/CBP 
may  play  a  critical  role  in  TGF-/3  signaling.  In  contrast 
to  the  constitutively  active  Smad2C  reported  in  a  pre¬ 
vious  study  (Baker  and  Harland,  1996),  overexpressed 
Smad3C  is  inhibitory  in  our  experimental  system,  pos¬ 
sibly  because  of  its  sequestration  of  p300/CBP.  This 
discrepancy  could  reflect  the  different  molecular  char¬ 
acteristics  of  Smad2  and  Smad3  as  reported  recently: 
the  opposite  effect  of  Smad2  and  Smad3  on  the  tran¬ 
scription  of  mouse  goosecoid  gene  through  binding  to 
FAST2  (Labbe  et  al,  1998).  In  addition,  different  ex¬ 
pression  levels  of  these  two  proteins  in  the  two  assay¬ 
ing  conditions  could  also  lead  to  a  different  outcome  in 
those  functional  assays.  In  our  transient  transfection 
experiment,  for  example,  an  inhibitory  effect  is  ob¬ 
served  only  when  >0.5  fi g  of  Smad3C  is  transfected; 
below  this  amount  of  transfected  DNA,  transcription 
on  3TP-Lux  reporter  actually  increases  slightly  (our 
unpublished  results). 

Functional  disruption  of  Smads  and  p300/CBP  is 
thought  to  contribute  to  the  loss  of  cell  cycle  control 
and  carcinogenesis  (Muraoka  et  al,  1995;  Borrow  et  al, 
1996;  Eppert  et  al,  1996;  Hahn  et  al,  1996).  In  this 
regard,  the  exact  role  of  Smads  in  the  mediation  of  the 
growth  inhibitory  effect  of  TGF-0,  and  their  connec¬ 
tion  to  transcriptional  activation  of  pl5  and  p21,  two 
important  effectors  in  TGF-0-mediated  growth  arrest. 


are  just  beginning  to  be  understood.  The  squelching 
effect  of  Smad3C  on  the  transcriptional  activation  of 
pl5  minimal  promoter  in  response  to  TGF-0  suggests 
that  Smad3  may  be  required  for  TGF-/3-induced  ex¬ 
pression  of  the  pl5  gene,  and  consequently  TGF-/3- 
mediated  cell  cycle  arrest.  To  test  this  possibility,  we 
cotransfected  Smad2,  Smad3,  and  Smad4  in  various 
combinations  to  determine  whether  overexpression  of 
Smads  can  activate  transcription  of  the  two  Cdk  in¬ 
hibitor  genes,  in  comparison  to  that  of  the  positive 
control,  the  PAI-1  promoter.  Our  results  indicate  that 
overexpression  of  Smad3  and  Smad4,  or  other  combi¬ 
nations  of  different  Smads,  could  not  potentiate  tran¬ 
scription  from  the  pl5  and  p21  promoters,  whereas 
the  PAI-1  promoter  is  greatly  activated  by  Smad3  and 
Smad4  overexpression  (our  unpublished  results).  This 
result  is  in  contrast  to  the  recent  report  that  Smad3  and 
Smad4  coexpression  could  potently  activate  the  p21 
promoter  in  a  hepatic  cancer  line,  HepG2  (Moustakas 
and  Kardassis,  1998).  The  discrepancy  between  the 
two  apparently  opposite  results  is  most  likely  due  to 
the  difference  in  the  cell  types  used  in  the  studies.  It  is 
conceivable  that  a  putative,  essential  signal  that  acts  in 
conjunction  with  overexpressed  Smads  to  initiate  tran¬ 
scription  of  the  p21  promoter  is  constitutively  active  in 
the  HepG2  cells,  and  in  contrast,  is  only  TGF-0-induc- 
ible  in  the  HaCaT  cells  used  in  this  study.  This  hy¬ 
pothesis  is  consistent  with  the  observation  reported  by 
Moustakas  et  al.  that  expression  of  endogenous  p21,  as 
well  as  activation  of  the  p21  promoter  luciferase  con¬ 
struct,  is  constitutively  high  in  HepG2  cells,  whereas 
in  HaCaT  cells,  endogenous  p21  levels  are  barely  de¬ 
tectable  in  untreated  culture  yet  markedly  induced  by 
TGF-/3.  Therefore,  although  the  function  of  Smads  as 
intermediates  of  TGF-/3  signaling  may  be  essential  for 
multiple  pathways,  the  mode  of  their  involvement  in 
transcriptional  activation  of  specific  target  genes  may 
mechanistically  differ  in  various  cell  types.  In  addi¬ 
tion,  within  a  distinct  cell  type  such  as  HaCaT  cells, 
specific  TGF-0-responsive  genes  may  require  different 
stimuli  for  p300-dependent  transcription  to  occur.  For 
example,  in  HaCaT  cells,  Smad  overexpression  alone 
is  sufficient  to  stimulate  transcription  of  the  PAI-1 
promoter,  yet  not  that  of  p21  or  pl5  genes.  For  these 
promoters,  Smad  overexpression  and  subsequent  nu¬ 
clear  translocation  is  only  one  essential  component  of 
the  complete  TGF-0  signal.  Other  distinct,  yet  to  be 
defined  signaling  events  that  are  apparently  constitu¬ 
tively  active  in  HepG2  cells,  yet  only  TGF-/3  inducibly 
so  in  HaCaT  cells,  are  also  required  to  cooperate  with 
Smads/p300/CBP  to  fully  activate  transcription  from 
these  promoters. 

Combined  with  other  studies,  our  results  suggest  a 
general  strategy  by  which  signal-dependent  transcrip¬ 
tional  activation  can  occur  for  a  once  seemingly  dis¬ 
parate  group  of  transcription  factors  that  include 
Smads,  Stats,  and  NF-kB  (Darnell,  1997;  Zhong  et  al, 
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1998).  During  stimulation  by  specific  external  signals, 
these  transcription  factors  are  phosphorylated  and 
change  conformation,  form  complexes  with  partner 
proteins  or  dissociate  from  inhibitory  sequestration, 
and  translocate  from  the  cytosol  into  the  nucleus. 
Once  in  the  nucleus,  they  bind  to  the  coactivator  p300 
or  CBP  in  a  phosphorylation-dependent  manner  to 
activate  transcription.  This  general  transcriptional  ac¬ 
tivation  strategy  may  be  an  evolutionarily  conserved 
mechanism  that  transduces  extracellular  stimuli  into  a 
prompt  transcriptional  response. 
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The  Smads  are  a  family  of  nine  related  proteins  which  function  as  signaling  intermediates  for  the  trans¬ 
forming  growth  factor  P  (TGF-p)  superfamily  of  ligands.  To  discern  the  in  vivo  functions  of  one  of  these 
Smads,  Smad3,  we  generated  mice  harboring  a  targeted  disruption  of  this  gene.  Smad3  null  mice,  although 
smaller  than  wild-type  littermates,  are  viable,  survive  to  adulthood,  and  exhibit  an  early  phenotype  of  forelimb 
malformation.  To  study  the  cellular  functions  of  Smad3,  we  generated  Smad3  null  mouse  embryonic  fibroblasts 
(MEFs)  and  dermal  fibroblasts.  We  demonstrate  that  null  MEFs  have  lost  the  ability  to  form  Smad-containing 
DNA  binding  complexes  and  are  unable  to  induce  transcription  from  the  TGF-p-responsive  promoter  con¬ 
struct,  p3TP-lux.  Using  the  primary  dermal  fibroblasts,  we  also  demonstrate  that  Smad3  is  integral  for 
induction  of  endogenous  plasminogen  activator  inhibitor  1.  We  subsequently  demonstrate  that  Smad3  null 
MEFs  are  partially  resistant  to  TGF-P’s  antiproliferative  effect,  thus  firmly  establishing  a  role  for  Smad3  in 
TGF-p  -mediated  growth  inhibition.  We  next  examined  cells  in  which  Smad3  is  most  highly  expressed,  specif¬ 
ically  cells  of  immune  origin.  Although  no  specific  developmental  defect  was  detected  in  the  immune  system  of 
the  Smad3  null  mice,  a  functional  defect  was  observed  in  the  ability  of  TGF-P  to  inhibit  the  proliferation  of 
splenocytes  activated  by  specific  stimuli.  In  addition,  primary  splenocytes  display  defects  in  TGF-P-mediated 
repression  of  cytokine  production.  These  data,  taken  together,  establish  a  role  for  Smad3  in  mediating  the 
antiproliferative  effects  of  TGF-p  and  implicate  Smad3  as  a  potential  effector  for  TGF-P  in  modulating 
immune  system  function. 


Transforming  growth  factor  (3  (TGF-p)  is  a  multifunctional 
polypeptide  hormone  which  has  diverse  effects  on  a  variety  of 
cell  types  to  regulate  many  complex  multicellular  systems  (46). 
The  complexity  and  diversity  of  TGF-(3’s  function  is  demon¬ 
strated  through  its  multiple  roles  in  immune  system  suppres¬ 
sion,  wound  healing,  fibrosis,  development,  and  oncogenesis. 
Many  of  these  global  effects  of  TGF-p  stem  from  its  ability  to 
regulate  cellular  proliferation,  differentiation,  and  gene  expres¬ 
sion  (38).  One  of  the  most  studied  aspects  of  TGF-p  function 
is  its  ability  to  inhibit  the  proliferation  of  many  different  cell 
types,  including  cells  of  epithelial,  endothelial,  neuronal,  he¬ 
matopoietic,  and  lymphoid  origins  (46,  31). 

These  effects  of  TGF-p  are  mediated  through  its  interaction 
with  cell  surface  receptors.  By  binding  to  its  type  I  and  type  II 
serine/threonine  kinase  receptors,  TGF-p  induces  the  phos¬ 
phorylation  and  activation  of  the  type  I  receptor  by  the  type  II 
receptor  (57,  58).  The  type  I  receptor  kinase  can  then  phos- 
phorylate  cytoplasmic  substrates,  including  members  of  the 
Smad  family  of  proteins,  which  function  as  intermediates  in  the 
signaling  pathways  for  the  TGF-p  superfamily  of  ligands  (3,  4, 
12,  18,  39).  Originally  identified  in  genetic  screens  for  TGF-p 
effectors  in  Drosophila  (49)  and  Caenorhabditis  elegans  (47), 
the  mammalian  Smad  family  now  consists  of  nine  structurally 
related  proteins,  Smadl  to  Smad9.  The  identification  and  char¬ 
acterization  of  these  proteins  has  provided  valuable  insights 
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into  the  early  events  involved  in  TGF-p-mediated  signal  trans¬ 
duction. 

The  highly  related  Smad2  and  Smad3  serve  as  substrates  for 
the  type  I  TGF-p  receptor  kinase  (14,  30,  36,  42,  53,  62,  65). 
Upon  phosphorylation,  these  two  Smads  bind  to  their  common 
partner,  Smad4,  to  form  Smad2-Smad4  and  Smad3-Smad4 
complexes.  These  complexes  then  translocate  to  the  nucleus  (1, 
29,  33,  41,  66).  Clues  to  the  nuclear  function  of  these  Smad 
complexes  came  from  studies  describing  an  intrinsic  transcrip¬ 
tional  activity  of  the  C-terminal  domain  of  the  Smads  (29,  59). 
Subsequently,  overexpression  of  particular  combinations  of 
Smads  was  shown  to  activate  transcription  from  a  number  of 
TGF-p-responsive  promoters,  including  the  plasminogen  acti¬ 
vator  inhibitor  1  (PAI-1)  promoter  and  the  reporter  construct 
3TP-lux  (11,  29,  65). 

The  role  of  the  Smads  as  putative  transcription  factors  was 
strengthened  by  the  finding  that  Smad3-Smad4  complexes  and 
the  Drosophila  Mad  are  sequence-specific  DNA  binding  pro¬ 
teins  which  on  binding  DNA  can  activate  transcription  (11,  25, 
63, 64).  In  addition  to  a  direct  DNA  binding  activity,  the  Smads 
can  be  targeted  to  specific  promoter  sequences  through  their 
interaction  with  other  transcription  factors,  as  demonstrated 
by  the  finding  that  Smad2-Smad4  complexes  bind  to  the  tran¬ 
scription  factor  FAST-1  in  response  to  activin  and  TGF-P  (7, 
34).  In  addition,  recent  studies  have  implicated  a  functional 
interaction  between  the  Smad3-Smad4  complex  and  the  API 
family  of  transcription  factors  (32,  63,  67). 

Apace  with  the  rapid  development  of  the  understanding  of 
the  Smads  on  a  biochemical  level,  the  role  of  the  Smads  in 
development  and  diseases  is  beginning  to  be  understood.  Re¬ 
cently,  mouse  models  for  both  Smad2  and  Smad4  function 
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have  been  described  (43,  52,  55,  61).  Mice  with  homozygous 
targeted  disruptions  of  these  genes  are  embryonic  lethal  at  day 
9.5  and  days  6.5  to  8.5,  respectively.  Thus,  these  Smads  play 
critical,  nonredundant  roles  in  early  embryonic  development. 
The  early  embryonic  lethality  of  these  mice,  however,  renders 
the  functional  analysis  of  these  molecules  in  the  adult  animals 
impossible  in  this  system  and  makes  their  study  on  a  cellular 
level  difficult. 

In  humans,  the  role  of  Smad2  and  Smad4  as  tumor  suppres¬ 
sor  genes  is  now  well  established  (6,  14-16,  40,  44,  45,  48). 
Concurrent  with  the  identification  of  the  Smads  through  ge¬ 
netic  screens,  Smad4  was  identified  as  a  tumor  suppressor 
gene,  which  is  deleted  in  about  50%  of  pancreatic  carcinomas. 
In  addition  to  pancreatic  cancers,  Smad4  mutations  have  also 
been  discovered  in  breast,  ovary,  head  and  neck,  esophagus, 
colon,  and  lung  cancers.  Not  only  are  Smad4  mutations  found 
in  spontaneous  cancers,  but  recent  reports  show  that  inherited 
juvenile  colon  cancer  can  derive  from  the  inheritance  of  a 
single  mutant  Smad4  allele  (19).  In  addition,  Smad2  is  mutated 
in  several  types  of  cancers,  including  colon  cancers  and  head 
and  neck  cancers  (14,  44).  To  date,  Smad3  has  not  been  re¬ 
ported  to  be  mutated  in  human  cancers  (2,  45).  These  data, 
together  with  their  role  as  intermediates  in  the  TGF-p  signal¬ 
ing  pathway,  clearly  implicate  Smad2  and  Smad4  as  playing  an 
important  function  in  cell  growth  regulation. 

The  cellular  functions  of  the  Smads  have  largely  been  in¬ 
ferred  from  the  occurrence  of  mutations  in  human  diseases 
and  from  cellular  studies  employing  the  use  of  Smad  dominant 
negatives  and  Smad  overexpression  in  Smad-deficient  cell  lines 
which  likely  harbor  additional  genetic  lesions.  Thus,  the  phys¬ 
iological  functions  of  Smad3,  particularly  its  potential  involve¬ 
ment  in  mediating  the  TGF-p  antiproliferative  effect,  remain 
speculative.  To  address  the  biological  functions  of  Smad3,  we 
generated  mice  harboring  a  targeted  disruption  of  the  Smad3 
gene.  Unlike  the  Smad2  and  Smad4  null  mice,  Smad3  null  mice 
are  viable  and  survive  to  adulthood,  demonstrating  distinct 
roles  for  the  three  Smad  proteins  during  mouse  development. 
In  addition,  Smad3  null  mice  are  smaller  than  wild-type  litter- 
mates  and  have  an  incompletely  penetrant  joint  formation 
abnormality.  At  the  cellular  level,  we  focused  our  study  initially 
on  defining  the  role  of  Smad3  in  TGF-p  signal  transduction  in 
the  mouse  embryonic  fibroblast  (MEF)  and  dermal  fibroblast 
model  systems.  Here  we  show  that  Smad3  is  required  for  ac¬ 
tivation  of  a  TGF-p-responsive  promoter,  3TP-lux,  and  the 
endogenous  PAI-1  gene  and,  more  importantly,  acts  as  an 
integral  effector  of  TGF-p-mediated  inhibition  of  cellular 
proliferation.  We  next  focused  on  the  cell  types  with  highest 
Smad3  expression,  specifically  cells  of  lymphoid  origin,  and 
found  that  under  specific  conditions,  the  antiproliferative  ef¬ 
fects  of  TGF-|3  on  isolated  Smad3  null  splenocytes  are  lost.  In 
addition,  we  found  that  the  inhibition  of  anti-CD3  (aCD3)- 
stimulated  cytokine  production  by  TGF-p  in  primary  spleno¬ 
cytes  is  markedly  blunted  due  to  the  absence  of  Smad3.  Taken 
together,  these  findings  implicate  Smad3  as  a  critical  effector  in 
TGF-p-mediated  inhibition  of  cellular  proliferation  and  a  po¬ 
tential  effector  for  TGF-p  regulation  of  immune  system  func¬ 
tion. 


MATERIALS  AND  METHODS 

Smad3  gene  disruption.  The  Smad3  gene  was  isolated  from  a  129/sv  mouse 
genomic  library  by  using  the  5'  end  of  the  human  Smad3  cDNA  as  a  probe.  An 
isolated  15-kb  genomic  clone  was  used  for  the  creation  of  a  Smad3  targeting 
vector.  Briefly,  a  1.0-kb  Ehel-Hindlll  fragment  was  cloned  into  the  Xhol  site  of 
the  vector  pPNT  (54).  A  6.0-kb  BamHl  fragment  was  next  cloned  into  the 
resulting  construct.  This  produced  a  targeting  vector  which,  when  inserted  into 
the  genome,  replaces  the  sequence  between  Ehe I  and  BamHl  with  a  neomycin 
expression  cassette,  as  diagrammed  in  Fig.  1A.  The  resulting  targeting  vector  was 
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FIG.  1.  Targeted  disruption  of  Smad3.  (A)  Smad3  genomic  structure  and 
targeting  strategy.  The  Smad3  genomic  done  used  for  the  creation  of  the  tar¬ 
geting  vector  is  diagrammed.  The  black  box  denotes  the  first  exon  of  Smad3. 
ATG  denotes  the  initiating  methionine.  The  first  exon  coding  sequence  was 
replaced  by  a  neomycin  expression  cassette  (NEO),  creating  an  Eco RI  digest  size 
difference  between  the  wild-type  and  targeted  loci.  Ep  denotes  the  ZscoRI- 
Hindlll  DNA  fragment  used  as  a  probe  for  Southern  blotting.  PI,  P2,  and  P3 
denote  the  locations  of  primers  used  for  PCR  screening.  Restriction  sites  are 
abbreviated  as  follows:  R,  Eco  RI;  H,  HindlH',  E,  Ehe  I;  B,  BamHl.  HSV-TK, 
herpes  simplex  virus  thymidine  kinase.  (B)  Southern  and  PCR  detection  of  the 
targeted  allele.  The  targeted  allele  can  be  distinguished  from  the  wild  type 
(W.T.)  both  by  Southern  blotting  of  BcoRI-digested  genomic  DNA  with  the  Ep 
probe  and  by  PCR  using  the  primers  indicated  in  panel  A.  (C)  Northern  blot 
analysis  of  Smad3  and  Smad4.  Northern  analyses  were  performed  on  RNA 
derived  from  multiple  tissues  of  an  adult  (2-month-old)  C57BL/6  mouse  and  a  3' 
untranslated  sequence  probe  for  Smad3  and  a  coding-sequence  probe  for  Smad4. 
Organs  are  abbreviated  as  follows:  B,  brain;  H,  heart;  M,  skeletal  muscle;  I,  small 
intestine;  Lu,  lung;  K,  kidney;  T,  thymus;  S,  spleen.  (D)  Western  blot  analysis  of 
Smad3  expression.  The  top  panel  shows  Western  analysis  using  an  antibody 
created  against  a  peptide  in  the  central  linker  domain  of  Smad3  on  thymic 
protein  extract  from  wild-type,  heterozygous,  and  knockout  mice.  The  bottom 
two  panels  demonstrate  the  specificity  of  this  antibody  among  overexpressed 
Smad  family  members.  HA- tagged  Smadl,  Smad2,  and  Smad4  and  Flag- tagged 
Smad3  were  overexpressed  in  COS  cells  from  which  protein  extract  were  isolated 
and  used  for  Western  analysis.  Identical  blots  were  probed  with  the  Smad3- 
specific  antibody  (middle  panel)  and  a  mixture  of  aHA  and  aFlag  (bottom 
panel).  In  all  panels  of  all  figures,  +/+  denotes  Smad3  wild  type,  +/-  denotes 
Smad3  heterozygous,  and  -/-  denotes  Smad3  null. 


linearized  with  HindlU  and  electroporated  into  129/sv  embryonic  stem  (ES) 
cells.  Screening  of  neomycin-resistant  clones  was  performed  by  PCR  with  the 
following  primers:  the  common  primer  (P3;  GTC  TTT  GAG  GCC  CGT  TTT 
CTG  C),  a  primer  from  the  targeted  sequence  (PI;  CTG  GGG  TGG  TAA  TGC 
ACT  TGG),  and  a  primer  in  the  PGK  promoter  (P2;  CAT  GCT  CCA  GAC  TGC 
CTT  GGG).  PCR  of  the  wild-type  allele  results  in  a  1.2-kb  product.  PCR  of  the 
targeted  allele  results  in  a  1.1-kb  product.  Positive  clones  were  confirmed  by 
Southern  blotting  of  BcoRI-digested  genomic  DNA  probed  with  an  EcoRI- 
tfmdlll  fragment  immediately  adjacent  to  the  sequences  used  in  the  targeting 
vector.  The  wild-type  allele  of  Smad3  produces  a  5.6-kb  fragment.  The  targeted 
allele  produces  a  5.0-kb  fragment. 
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Primary  fibroblast  and  immune  cell  culture.  Primary  fibroblasts  were  cultured 
from  day  14  embryos.  Embryos  were  mechanically  disrupted  by  passage  through 
an  18-gauge  needle  and  plated  on  gelatin-coated  10-cm-diameter  plates  in  Dul- 
becco  modified  Eagle  medium  (DMEM)  with  20%  heat-inactivated  fetal  bovine 
serum  (FBS)  and  penicillin-streptomycin  (P-S)  (Gibco  BRL,  Gaithersburg,  Md.). 
Confluent  cells  were  trypsinized  and  further  carried  in  medium  containing  10% 
FBS.  In  all  experiments,  compared  wild-type  and  null  cells  represent  littermate 
embryos  at  the  same  passage  number. 

Primary  dermal  fibroblasts  were  isolated  from  2-day-old  mice.  Trunk  skin  was 
removed,  washed  three  times  in  phosphate-buffered  saline  (PBS)  containing 
kanamycin,  amphotericin,  penicillin,  and  streptomycin  (KAPS),  and  incubated 
overnight  at  4°C  in  0.25%  trypsin  (Worthington  Biochemical,  Freehold,  N.J.)  in 
PBS-KAPS.  The  skins  were  then  incubated  at  37°C  for  20  min.  The  trypsin  was 
next  neutralized  with  20%  FBS,  and  the  skins  were  then  washed  in  DMEM-10% 
FBS.  The  trypsinized  skins  were  next  placed  in  individual  10-cm-diameter  dishes, 
and  the  epidermis  was  peeled  off  and  discarded.  The  resulting  dermis  layers  were 
mechanically  dissociated,  and  10  ml  of  DMEM-10%  FBS-P-S  was  added  to  each 
dish.  Cells  were  then  incubated  at  37°C  in  5%  C02  until  dermal  fibroblasts 
became  confluent  (3  to  4  days).  The  dermal  fibroblasts  were  carried  in  DMEM- 
10%  FBS-P-S  and  genotyped,  and  passage  5  cells  were  used  in  the  PAI-1  assay. 

Primary  splenocytes,  thymocytes,  and  purified  splenic  B  and  T  cells  were 
generated  from  the  spleens  of  2-  to  4-month-old  mice.  Lymphocytes  were  iso¬ 
lated  by  mechanical  dissociation  in  the  culture  medium  described  below.  Large 
debris  was  removed,  and  erythrocytes  were  lysed  by  complete  resuspension  of 
pelleted  cells  in  145  mM  ammonium  chloride-17  mM  Tris  (pH  7.5).  Cells  were 
subsequently  washed  in  PBS  and  resuspended  in  their  final  culture  medium  for 
all  experiments  described:  RPMI  with  the  addition  of  10%  heat-inactivated  FBS, 
P-S,  and  0.1  mM  (3-mercaptoethanoI. 

Northern  and  Western  blotting.  Northern  blotting  for  Smad3  was  performed 
on  RNA  prepared  from  adult  C57BLV6  mouse  organs  by  homogenizing  the 
indicated  tissues  in  Trizol  reagent  (Gibco  BRL,  Gaithersburg,  Md.)  as  specified 
by  the  manufacturer.  Ten  micrograms  of  total  RNA  was  resolved  on  a  formal¬ 
dehyde-agarose  gel,  which  was  subsequently  transferred  by  capillary  action  to  a 
nylon  membrane  (Hybond,  Amersham  Life  Science)  and  visualized  by  methylene 
blue  staining  to  confirm  RNA  loading  and  quality.  Blots  were  probed  with  a 
mouse  Smad3  cDNA  probe  created  by  random  priming  (Prime-It  II,  Stratagene, 
La  Jolla,  Calif.)  of  a  HmdIII-EcoRI  fragment  containing  sequences  entirely  in 
the  Smad3  3'  untranslated  region.  The  membrane  was  subsequently  reprobed 
with  a  human  Smad4  cDNA  probe  containing  the  entire  coding  sequence  for 
human  Smad4. 

For  Western  blotting,  all  cell  and  organ  lysates  were  prepared  in  a  Nonidet 
P-40-based  lysis  buffer  (50  mM  Tris-HCI  [pH  7.4],  150  mM  NaCl,  50  mM  NaF, 
0.5%  Nonidet  P-40, 1  mM  dithiothreitol,  1  mM  phenylmethylsulfonyl  fluoride,  1 
mM  sodium  orthovanadate,  10  mM  fS-glycerophosphate,  0.2  mM  sodium  molyb¬ 
date,  protease  inhibitors).  For  Western  blotting  of  thymus  tissue,  whole  thymus 
was  homogenized  in  1  ml  of  lysis  buffer  and  equal  protein  amounts  from  animals 
of  each  genotype  were  analyzed.  Western  blotting  of  fibroblasts  was  performed 
by  lysis  of  106  fibroblasts  from  10-cm-diameter  tissue  culture  plates  in  200  pi  of 
lysis  buffer  and  analyzing  equal  protein  amounts  for  each  genotype.  Western 
analyses  of  equal  amounts  of  protein  extracts  from  splenic  B  cells  purified  by 
using  Dynabeads-  Mouse  pan  T  (Dynal,  Lake  Success,  N.Y.)  and  of  splenic  T 
cells  purified  by  using  mouse  T-cell  enrichment  columns  (R&D  Systems,  Min¬ 
neapolis,  Minn.)  were  performed  with  a  Smad3-specific  antibody.  Western  anal¬ 
yses  of  aCD3-stimulated  splenocytes  were  performed  on  splenocytes  isolated  as 
described  above  and  cultured  at  a  density  of  107  cells  in  2  ml  of  medium  in 
six-well  tissue  culture  plates  in  the  presence  5  pg  of  aCD3  (0108 ID;  PharMin- 
gen,  San  Diego,  Calif.)  with  and  without  100  pM  TGF-p  for  24  (cyclin  E  cyclin- 
dependent  kinase  [Cdk2],  and  p27  western  blots)  or  48  h  (retinoblastoma  protein 
[Rb]  Western  blots).  Cells  were  lysed  in  200  pi  of  lysis  buffer,  and  equal  protein 
amounts  were  analyzed.  Samples  were  resolved  by  sodium  dodecyl  sulfate-poly- 
acrylamide  gel  electrophoresis  (SDS-PAGE),  and  Western  analyses  were  per¬ 
formed  with  the  following  antibodies;  acyclin  E  (M-2),  aCdk2  (M-2),  ap27 
(C-19),  ap21  (C-19),  apl5  (C-20),  and  aCDC25A  (144),  all  from  Santa  Cruz 
Biotechnology,  Inc.,  and  aRb  (14001A;  PharMingen).  Smad3  Western  analyses 
were  performed  with  a  rabbit  polyclonal  antibody  created  against  the  Smad3- 
specific  peptide  DAGSPNLSPNPMSPAHNNLD.  Crude  rabbit  serum  was  fur¬ 
ther  purified  on  an  antigen  affinity  column.  The  specificity  of  this  antibody  was 
assessed  by  Western  analysis  of  equal  protein  amounts  of  COS  cell  extract  in 
which  the  following  tagged  human  Smads  were  individually  overexpressed:  Flag- 
tagged  Smadl,  Flag-tagged  Smad2,  hemagglutin  epitope  (HA)-tagged  Smad3, 
and  Flag-tagged  Smad4.  Cytomegalovirus  promoter-driven  constructs  encoding 
the  various  Smads  were  transiently  transfected  into  COS  cells  by  using  a  standard 
DEAE-dextran  protocol  as  previously  described  (10).  Expression  of  the  various 
Smads  was  confirmed  by  Western  analysis  of  equal  amounts  of  appropriately 
transfected  COS  extract,  using  a  mixture  of  aHA  (Boehringer  Mannheim,  Indi¬ 
anapolis,  Ind.)  and  aFlag  (Eastman  Kodak,  New  Haven,  Conn.)  antibodies. 

Cdk2  kinase  assays.  Splenocytes  were  isolated  and  cultured  as  described 
above  for  Western  blotting.  Whole-cell  lysates  were  generated  after  24  h  of 
TGF-p  treatment  in  the  same  manner  as  for  Western  analysis.  Cdk2  kinase 
activity  immunoprecipitated  with  a  polyclonal  ocCdk2  antibody  (M-2;  Santa  Cruz 
Biotechnology)  from  equal  protein  amounts  for  each  condition  described  was 
measured  on  the  substrate  histone  HI  as  previously  described  (10). 


PAI-1  assay.  Dermal  fibroblasts  were  plated  at  a  density  of  106  cells  per 
10-cm-diameter  plate  in  the  fibroblast  culture  medium  described  above  and 
incubated  overnight  at  37°C.  Cells  were  then  incubated  in  methionine-free 
DMEM-0.5%  FBS-P-S  for  4  h  and  then  treated  with  100  pM  TGF-(3  for  6  h. 
During  the  last  2  h  of  TGF-(3  treatment,  the  fibroblasts  were  labeled  with 
[35S]methionine  (100  pCi/ml).  The  cells  were  then  washed  with  PBS  and  re¬ 
moved  by  lysis  in  three  washes  of  10  mM  Tris-HCI  (pH  8.0)-0.5%  sodium 
deoxycholate-1  mM  phenylmethylsulfonyl  fluoride,  and  the  resulting  plate- 
bound  extracellular  matrix  washed  a  final  time  with  PBS.  The  amount  of  matrix 
associated  PAI-1  was  assessed  by  scraping  the  plates  in  SDS-PAGE  loading 
buffer  containing  dithiothreitol  and  resolving  the  protein  on  an  10%  polyacryl¬ 
amide  gel.  Gels  were  subsequently  dried,  and  autoradiography  was  performed. 

Thymidine  incorporation  assays.  Fibroblasts  of  the  indicated  genotypes  were 
plated  at  a  density  of  20,000  cells/well  in  six-well  tissue  culture  plates  in  DMEM- 
10%  FBS  and  incubated  in  the  presence  or  absence  of  100  pM  TGF-(3  for  24  or 
48  h  as  indicated.  For  the  last  4  h  of  culture,  5  pCi  of  [3H]thymidine  was  added 
to  the  culture,  and  thymidine  incorporation  was  assayed  as  previously  described 
(10).  For  mixed  wild-type  and  Smad3  null  experiments,  the  indicated  percentage 
of  each  cell  type  was  plated  in  six-well  plates  to  a  total  cell  number  of  20,000/ml. 
Thymidine  incorporation  was  assayed  after  48  h  as  described  above. 

Thymidine  incorporation  of  splenocytes  was  performed  on  cells  isolated  as 
described  above.  Isolated  splenocytes  were  plated  at  a  density  of  5  X  105  cells  in 
200  pi  of  medium  in  24-well  plates  and  stimulated  with  lipopolysaccharide  (LPS; 
10  pg/ml;  Sigma,  St.  Louis,  Mo.),  anti-immunoglobulin  M  (algM;  5  pg/ml; 
Cappel,  Durham,  N.C.)  and  interleukin-4  (IL-4;  12.5  U/well;  PharMingen)  or 
<xCD3  (2.5  pg/ml;  PharMingen)  in  the  presence  or  absence  of  100  pM  TGF-p 
and  cultured  for  48  h;  5  pCi  of  [3H]thymidine  was  added  to  the  culture  for  the 
last  4  h.  Thymidine  incorporation  was  assayed  by  harvesting  cells  with  a  PHD  cell 
harvester  (Cambridge  Technologies,  Inc.). 

Luciferase  assays.  Fibroblasts  (200,000/well)  from  each  genotype  were  seeded 
into  six-well  tissue  culture  plates.  Cells  were  transfected  by  using  a  standard 
DEAE-dextran  transfection  protocol  as  previously  described  (10)  with  the  indi¬ 
cated  amounts  of  DNAs  (Fig.  4B).  Cells  were  cotransfected  with  0.25  pg  of  a 
cytomegalovirus-driven  p-galactosidase  reporter  vector  to  normalize  for  trans¬ 
fection  efficiency.  Transfections  with  the  expression  and  reporter  plasmids  used 
here  have  been  previously  described  (63). 

EMSAs.  For  electrophoretic  mobility  shift  assays  (EMSAs),  nuclear  extracts 
prepared  from  106  fibroblasts  of  the  indicated  genotype  either  treated  or  un¬ 
treated  with  100  pM  TGF-p  for  1  h  were  incubated  with  a  probe  derived  from  an 
Ndel-Sphl  fragment  of  3TP-lux  (63).  Nuclear  extract  preparation  and  gel  shift 
conditions  were  exactly  as  previously  described  (62). 

RNase  protection  analysis  of  cytokine  expression.  Primary  splenocytes  were 
isolated  as  described  above.  Splenocytes  (7.5  X  106)  were  plated  in  2  ml  of 
medium  and  stimulated  with  5  pg  of  aCD3  in  the  presence  or  absence  of  100  pM 
TGF-p  for  48  h  in  individual  wells  of  a  six-well  plate.  The  cells  were  harvested, 
and  total  RNA  was  isolated  (RNeasy;  Qiagen,  Santa  Clarita,  Calif.).  Cytokine 
RNA  levels  were  assessed  by  RNase  protection  assays  using  a  RiboQuant  mul¬ 
tiprobe  kit  (45024 K/mCK-1;  PharMingen)  on  equal  amounts  of  RNA  (7.5  pg) 
for  each  culture  condition  as  specified  by  the  manufacturer.  Equal  amounts  and 
quality  of  RNA  were  confirmed  through  the  quantification  of  the  protection 
fragments  of  two  housekeeping  genes  provided  in  the  multiprobe  template  set, 
L32  and  GAPDH . 

FACS  analysis.  Fluorescence-activated  cell  sorting  (FACS)  analysis  was  per¬ 
formed  on  live  splenocytes  and  thymocytes  isolated  as  described  above.  Approx¬ 
imately  10s  pelleted  cells  were  resuspended  in  100  pi  of  PBS  with  5%  heat- 
inactivated  FBS  with  the  inclusion  of  the  antibodies  indicated  in  each  figure: 
phycoerythrin  (PE)-aCD4  (01065B),  fluorescein  isothiocyanate  (FITC)-aCD8 
(01044D),  and  FITC-aB220  (01124D)  (all  from  PharMingen),  plus  PE-algM 
and  7-amino  actinomycin  D  (7AAD;  Molecular  Probes,  Eugene,  Oreg.).  After  30 
min,  these  cells  were  washed  once  in  PBS-5%  FBS  and  analyzed.  The  purity  of 
the  isolated  splenic  B  and  T  cells  used  in  the  thymidine  incorporation  assays  was 
assessed  by  FACS  analysis  with  the  use  of  PE-aB220  and  FTTC-labeled  anti-T- 
cell  receptor  beta  chain  (01304D  and  01125B,  respectively;  PharMingen).  Viable 
cells  were  identified  by  exclusion  of  7AAD  (Molecular  Probes)  staining. 

RESULTS 

Smad3  null  mice  are  viable.  To  generate  a  targeted  disrup¬ 
tion  of  Smad3,  we  first  screened  a  murine  129/sv  genomic 
library  with  sequences  in  the  amino  terminus  of  Smad3  to 
obtain  a  14-kb  genomic  clone.  This  clone  contains  the  first 
exon  of  Smad3,  including  the  initiating  methionine  and  the  first 
69  amino  acids.  A  targeting  vector  was  created  by  replacing  the 
first  exon  and  part  of  the  first  intron  with  a  PGiGneomycin 
expression  cassette.  Proper  insertion  of  this  targeting  vector 
into  the  mouse  genome  removes  the  initiating  ATG,  making 
the  production  of  full-length  Smad3  impossible.  In  addition, 
this  insertion  does  not  disrupt  any  sequences  5'  to  the  RNA 
transcriptional  start  site  (Fig.  1A). 
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FIG.  2.  Smad3  null  mice  are  smaller  than  wild-type  littermates  and  have  an  incompletely  penetrant  forepaw  defect.  (A)  Mouse  weights  over  time  (days)  in  a  single, 
representative  litter.  (B)  Picture  of  the  torqued-wrist  defect  (arrow)  in  a  14-day-old  null  mouse.  (C)  The  skin  was  removed  from  the  forelimbs  of  a  14-day-old  Smad3 
null  mouse  (left)  and  a  wild-type  littermate  (right)  to  better  show  the  severe  bending  of  the  forepaw  wrist  joint  of  the  Smad3  null  mouse. 


Using  standard  ES  cell  technology,  Smad3  mutant  heterozy¬ 
gous  129  ES  lines  were  generated  by  transfection  of  the  de¬ 
scribed  targeting  vector.  Initial  screening  for  proper  insertion 
in  neomycin-resistant  clones  was  determined  by  Southern  blot¬ 
ting  and  PCR  as  indicated  in  Fig.  IB.  Three  percent  of  neo¬ 
mycin-resistant  ES  cell  clones  had  a  properly  targeted  Smad3 
allele.  These  ES  cells  were  then  used  to  create  129-C57BIV6 
chimeric  founder  mice.  When  bred  to  C57BL/6  females,  mice 
generated  from  one  of  these  lines  transmitted  the  mutant 
Smad3  allele  at  a  frequency  of  50%,  with  100%  of  offspring 
being  derived  from  the  129  stem  cells.  Heterozygous  mice  from 
these  matings  were  subsequently  mated  to  produce  Smad3  null 
mice.  Smad3  null  mice  are  born  to  Fj  heterozygotes  at  a  fre¬ 
quency  of  20.7%,  the  same  frequency  as  for  wild-type  mice 
(297  Heterozygote,  106  wild-type,  and  103  KO  knockout  mice). 
The  near  Mendelian  inheritance  of  wild-type  and  targeted 
Smad3  alleles  suggests  no  embryonic  lethality  of  the  Smad3 
null  mice.  Thus,  in  sharp  contrast  to  the  Smad2  and  Smad4 
deficiencies,  Smad3  is  not  essential  for  embryonic  develop¬ 
ment.  This  F2  generation  of  mice  was  used  for  the  experiments 
described  below. 

To  identify  organs  with  highest  Smad3  expression,  we  first 
performed  multiple-tissue  Northern  analysis.  Unlike  Smad2 
and  Smad4,  Smad3  has  an  expression  pattern  which  varies  with 


tissue  types,  with  highest  levels  of  expression  in  the  spleen  and 
thymus  (Fig.  1C).  Subsequently,  the  loss  of  Smad3  expression 
in  the  double-mutant  animals  was  confirmed  by  Western  anal¬ 
ysis  of  thymus  protein  extracts,  using  a  Smad3-specific  antibody 
(Fig.  ID). 

The  first  noticeable  phenotype  in  these  null  animals  is  a 
decrease  in  the  size  and  growth  rate  of  young  mice.  As  shown 
in  Fig.  2A,  Smad3  null  mice  are  smaller  than  both  wild-type 
and  heterozygous  littermates.  An  additional  early  phenotype, 
which  occurs  in  approximately  31%  (32  of  103)  of  null  mice,  is 
the  presence  of  medially  torqued  forepaws  (Fig.  2B  and  C), 
with  a  smaller  percentage  of  mice  with  noticeably  torqued  hind 
limbs.  Mice  with  this  phenotype  can  have  either  one  or  more 
limbs  affected.  In  addition,  mice  with  severely  affected  limbs 
often  develop  kyphosis  and  display  marked  rib  cage  malforma¬ 
tion  often  resulting  in  a  concave  indentation  at  the  base  of  the 
sternum  (data  not  shown).  Interestingly,  this  phenotype  is  re¬ 
markably  similar  to  that  of  mice  expressing  a  transgenic  dom¬ 
inant  negative  type  II  TGF-p  receptor  in  bone  (50),  suggesting 
that  the  phenotype  described  here  is  intrinsic  to  the  bone.  In 
addition,  the  similarity  between  these  two  phenotypes  suggests 
that  the  previously  described  TGF-P  effects  in  bone  develop¬ 
ment  are  at  least  partially  mediated  by  Smad3. 
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FIG.  3.  Smad3  is  required  for  TGF-p-mediated  growth  inhibition  in  MEFs. 
(A)  Primary  MEFs  were  created  from  embryonic  day  14  mice.  Western  blotting 
for  Smad3  was  performed  to  determine  if  these  MEFs  express  Smad3.  (B)  Smad3 
is  required  for  TGF-p-mediated  growth  inhibition  in  primary  MEFs.  MEFs  were 
assayed  for  TGF-p-mediated  growth  inhibition  after  24  and  48  h  of  treatment  by 
measurement  of  [3H]thymidine  incorporation.  Bars  represent  the  average  thy¬ 
midine  incorporation  for  triplicate  wells  for  each  growth  condition.  (C)  TGF-p- 
mediated  growth  inhibition  in  these  MEFs  is  cell  autonomous.  Various  propor¬ 
tions  of  wild-type  (WT)  and  knockout  (KO)  MEFs  were  seeded  into  single  wells 
as  indicated  below  the  bars.  Thymidine  incorporation  assays  were  performed  as 
for  panel  B.  Data  are  presented  as  percent  growth  inhibition  or  percent  reduc¬ 
tion  in  thymidine  incorporation  upon  TGF-p  treatment. 


TGF-p-mediated  growth  inhibition  and  gene  responses  are 
impaired  in  Smad3  null  fibroblasts.  One  functional  aspect  of 
Smad3  that  we  hoped  to  define  through  the  generation  of 
Smad3  null  mice  is  its  role  in  TGF-p-mediated  inhibition  of 
cellular  proliferation.  To  test  this,  we  isolated  MEFs  from  both 
wild-type  and  Smad3  null  mice.  As  shown  in  Fig.  3A,  Smad3 
expression  can  be  detected  in  wild-type  fibroblast  lines  but  not 
in  lines  derived  from  Smad3  null  embryos.  Using  these  fibro¬ 
blasts,  we  first  determined  the  proliferative  responses  of  these 
lines  to  TGF-p.  As  shown  in  Fig.  3B,  the  proliferation  of 
wild-type  fibroblasts  is  inhibited  approximately  50%  after  24  h 
and  80%  after  48  h  of  TGF-p  treatment.  In  null  fibroblasts,  this 
growth -inhibitory  effect  of  TGF-p  is  largely  lost.  In  addition, 
the  basal  proliferation  rate  of  the  null  fibroblast  lines  is  ap¬ 
proximately  twofold  higher  than  that  of  the  wild  type.  Similar 
results  were  obtained  for  two  additional  fibroblast  lines  of  each 
genotype  (data  not  shown).  Thus,  these  results  firmly  establish 
an  essential  role  for  Smad3  in  TGF-p-mediated  inhibition  of 
cellular  proliferation.  Interestingly,  none  of  the  known  medi¬ 
ators  of  the  growth-inhibitory  effect  of  TGF-p  appear  to  be 
functioning  in  fibroblasts.  In  these  cells  TGF-(3  does  not  alter 
p21,  pl5,  or  CDC25A  protein  levels,  whereas  p27  is  undetect¬ 
able  (data  not  shown). 

To  determine  if  the  growth-inhibitory  effect  of  TGF-p  in 
these  cultures  is  cell  autonomous  or  due  to  inappropriately 


regulated  production  of  paracrine  factors,  growth  inhibition  by 
TGF-p  of  mixed  wild-type  and  null  cultures  was  assayed.  As 
shown  in  Fig.  3C,  different  percentages  of  wild-type  and  null 
cells  were  seeded  into  the  same  well,  and  TGF-p  mediated 
growth  inhibition  was  assayed.  The  growth-inhibitory  effect  of 
TGF-p  in  these  experiments  is  proportional  to  the  amount  of 
wild-type  cells.  This  suggests  that  the  antiproliferative  effect  of 
TGF-p  in  these  cells  is  most  likely  cell  autonomous  and  not 
due  to  a  Smad3-dependent  production  of  growth-inhibitory  or 
inhibition  of  growth-stimulatory  paracrine  factors. 

As  discussed  above,  the  Smads  have  been  characterized  as 
DNA  binding  transcription  factors.  To  determine  the  require¬ 
ment  of  Smad3  in  the  activation  of  specific  promoters,  we 
studied  the  regulation  of  the  widely  used  TGF-p-responsive 
promoter  3TP-lux  in  our  model  fibroblast  system.  In  wild-type 
cells,  the  previously  described  TGF-p-induced,  Smad3-con- 
taining  DNA  binding  complex  forms  on  the  concatemerized 
tetradecanoyl  phorbol  acetate  response  elements  (TREs)  pres¬ 
ent  in  this  promoter.  This  DNA  binding  complex  is  lost  in  the 
Smad3  null  fibroblasts  (Fig.  4A).  In  addition,  transcription 
from  this  promoter  in  wild-type  cells  is  activated  2.4-fold  upon 
TGF-p  treatment.  This  activation  is  lost  in  the  null  fibroblasts 
and  can  be  restored  by  cotransfection  of  a  Smad3  expression 
vector  (Fig.  4B).  Thus,  Smad3  is  necessary  not  only  for  the 
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FIG.  4.  Smad3  is  required  for  TGF-p-mediated  Smad-containing  DNA  bind¬ 
ing  complex  formation  and  activation  of  3TP-Lux  in  primary  MEFs  and  for 
TGF-p-mediated  induction  of  the  PAI-1  gene  in  primary  dermal  fibroblasts.  (A) 
Loss  of  a  Smad-containing  DNA  binding  complex  in  the  Smad3  null  MEFS. 
EMSAs  were  performed  with  nuclear  extract  from  MEFs  of  the  indicated  geno¬ 
type,  either  treated  with  TGF-p  for  30  min  or  untreated,  and  a  probe  derived 
from  the  TGF-p-responsive  region  of  the  promoter-reporter  construct,  p3TP- 
lux.  The  arrow  indicates  the  TGF-P-inducible  DNA  binding  complex.  (B)  Smad3 
is  required  for  induction  of  the  p3TP-lux  reporter  construct.  The  indicated  DNAs 
were  transfected  into  MEFs  of  the  indicated  genotype.  Twelve  hours  after  trans¬ 
fection,  the  cells  were  treated  with  100  pM  TGF-p  for  an  additional  24  h,  and 
TGF-p-induced  luciferase  activity  (relative  luciferase  units  [RLU])  from  this 
reporter  construct  was  assayed.  Bars  represent  the  average  luciferase  activity  of 
duplicate  transfections  in  a  single  experiment;  error  bars  represent  the  standard 
deviation.  Fold  induction  by  TGF-p  is  indicated  over  each  set  of  bars.  (C)  Smad3 
is  an  integral  component  of  the  TGF-P-mediated  induction  of  the  endogenous 
PAI-1  gene.  Smad3  heterozygote  and  null  primary  dermal  fibroblasts  were 
treated  with  TGF-p  for  8  h.  The  arrow  represents  [35S]methionine-labeled, 
extracellular  matrix-associated  PAI-1,  assayed  as  described  in  Materials  and 
Methods. 
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FIG.  5.  Assay  of  TGF-p’s  effects  in  primary  splenocytes  reveals  both  Smad3- 
dependent  and  Smad3-independent  growth-inhibitory  signaling  pathways.  (A) 
Smad3  is  not  required  for  TGF-p-mediated  growth  inhibition  in  primary  un¬ 
stimulated  splenocytes.  Primary  splenocytes  were  isolated  from  8-week-old  mice 
and  cultured  in  the  presence  or  absence  of  100  pM  TGF-P  for  48  h.  Cells  were 
incubated  with  [3H]thymidine  for  the  last  4  h  of  culture,  after  which  the  spleno¬ 
cytes  were  harvested  and  3H  incorporation  was  measured.  Bars  indicate  the 
average  of  three  identically  treated  wells  for  each  growth  condition;  error  bars 
represent  the  standard  deviation.  (B)  Smad3  is  required  for  TGF-p-mediated 
growth  inhibition  of  aCD3-stimulated  splenocytes.  Primary  splenocytes  were 
isolated  from  8-week-old  mice  and  cultured  in  the  presence  of  the  indicated 
growth  stimuli  in  the  presence  or  absence  of  100  pM  TGF-p.  Cellular  prolifer¬ 
ation  was  assayed  by  [3H]thymidine  incorporation  as  for  panel  A.  (C)  Smad3  is 
expressed  in  both  B  and  T  cells.  Western  blotting  for  Smad3  was  performed  on 
purified  B  and  T  cells  from  mature  wild-type  spleens. 


growth-inhibitory  effects  of  TGF-p  in  this  system  but  also  for 
the  induction  of  this  specific  promoter  reporter  construct. 

To  assess  the  effect  of  Smad3  loss  on  the  induction  of  an 
endogenous  gene  known  to  be  transcriptionally  regulated  by 
TGF-P,  we  assayed  the  TGF-p-mediated  induction  of  PAI-1  in 
primary  dermal  fibroblasts.  As  shown  in  Fig.  4C,  the  induction 
of  PAI-1  by  TGF-p  seen  in  Smad3  heterozygote  dermal  fibro¬ 
blasts  is  greatly  reduced  in  the  null  cells. 

Analysis  of  the  immune  cells  derived  from  Smad3  null  mice 
reveals  a  defect  in  TGF-p  signaling.  Having  defined  an  essen¬ 
tial  role  for  Smad3  in  TGF-p  signaling  in  the  fibroblast  system, 
we  next  examined  the  cell  types  with  highest  Smad3  expression, 
those  of  lymphoid  origin.  We  first  examined  the  proliferation 
of  splenocytes  isolated  from  wild-type  and  null  animals  in  the 
presence  and  absence  of  TGF-p.  Interestingly,  the  prolifera¬ 
tion  of  unstimulated  primary  splenocytes,  consisting  of  a  mixed 
B-  and  T-cell  population,  is  inhibited  by  TGF-p  regardless  of 
mouse  genotype  when  assayed  by  tritiated  thymidine  incorpo¬ 
ration  (Fig.  5A).  Thus,  in  contrast  to  the  MEF  data  presented 
above,  Smad3  is  not  required  for  TGF-p-mediated  inhibition 
of  cellular  proliferation  in  unstimulated  splenocytes.  In  addi¬ 
tion,  the  antiproliferative  effects  of  TGF-p  in  primary  spleno¬ 
cytes  stimulated  by  LPS  or  algM  plus  IL-4,  which  specifically 
stimulate  the  proliferation  of  B  lymphocytes  through  the  acti¬ 
vation  of  IgM  receptor  expressed  only  on  the  surface  of  B  cells, 
is  largely  intact  regardless  of  genotype.  However,  in  primary 
splenocyte  cultures  stimulated  with  aCD3,  an  activator  of  the 
T-cell  receptor  complex,  inhibition  of  proliferation  by  TGF-p 
is  seen  only  in  wild-type  cultures  (Fig.  5B).  This  difference  in 
Smad3-dependent  TGF-P  responsiveness  of  the  mixed  spleno¬ 
cytes  to  a  specific  stimulus  is  not  due  to  a  difference  in  the 


expression  pattern  of  Smad3,  as  demonstrated  by  Smad3  West¬ 
ern  blot  analysis  of  isolated  T  and  B  cells  (Fig.  5C).  Taken 
together,  these  data  suggest  that  Smad3  plays  a  specific  role  in 
the  inhibition  of  immune  cell  proliferation  by  TGF-p  depen¬ 
dent  on  the  nature  of  stimulus. 

Little  is  known  on  the  molecular  mechanisms  through  which 
TGF-p  inhibits  proliferation  of  activated  B  and  T  cells,  making 
it  difficult  to  predict  the  role  of  Smad3  in  this  system.  Concur¬ 
rent  with  results  obtained  for  a  variety  of  cell  types,  TGF-p 
treatment  of  aCD3-stimulated  wild-type  spleen  cultures  leads 
to  a  decrease  in  Cdk2  kinase  activity  and  a  maintenance  of  Rb 
in  a  hypophosphorylated  state.  These  effects  occur  with  mini¬ 
mal  change  in  the  levels  of  Cdk2  and  cyclin  E  and  no  change 
in  the  levels  of  p27.  In  contrast,  TGF-p-mediated  inhibition  of 
Cdk2  kinase  activity  and  maintained  activation  of  Rb  do  not 
occur  in  the  Smad3  null  spleen  cultures,  further  supporting  the 
different  growth  properties  of  wild-type  and  null  immune  cells 
(Fig.  6A).  Western  analysis  of  various  cell  cycle  components 
reveal  no  TGF-p-mediated  change  in  the  levels  of  the 
CDC25A  phosphatase  or  the  TGF-p-responsive  Cdk  inhibitors 
pl5  and  p21  (data  not  shown).  Thus,  the  TGF-p  growth-inhib¬ 
itory  pathway  activated  in  aCD3-stimulated  splenocytes  rep¬ 
resents  a  yet  to  be  defined  Smad3-dependent  mechanism. 

Subsequently,  we  examined  the  effects  of  TGF-p  on  cytokine 
production  in  aCD3-stimulated  primary  spleen  cultures.  In 
this  system,  TGF-p  prevents  the  aCD3-mediated  increase  in 
the  production  of  a  number  of  different  cytokines  by  the  wild- 
type  cells  (Fig.  6B).  This  effect  is  even  more  dramatic  than  the 
growth-inhibitory  effects  of  TGF-p  on  these  cultures.  As  shown 
in  Fig.  6B,  the  production  of  several  cytokines,  such  as  IL-2, 
IL-4,  IL-5,  IL-9,  IL-13,  and  IL-15,  is  more  than  80%  reduced 
by  TGF-p  in  wild-type  splenocytes  (Fig.  6C).  In  the  Smad3  null 
culture,  however,  TGF-p  clearly  does  not  have  the  same  effect 
on  the  levels  of  these  cytokines  as  seen  in  the  wild-type  culture. 
This  loss  of  TGF-p  responsiveness  is  most  marked  in  gamma 
interferon  (IFN-y),  IL-2,  IL-13,  and  IL-15  production.  In  ad¬ 
dition,  the  non-TGF-p-treated  levels  of  several  cytokines  are 
elevated  in  the  null  cultures.  These  results  strongly  suggest 
abnormal  regulation  of  cytokine  production  in  the  absence  of 
Smad3-mediated  TGF-p  signal  transduction. 

Since  lymphocyte  proliferation  abnormalities  are  observed 
in  vitro  in  Smad3  null  cells,  we  next  determined  whether  any 
abnormalities  in  the  profiles  of  lymphocyte  distribution  could 
be  observed  in  vivo  by  performing  FACS  analysis  on  Smad3 
null  and  wild-type  spleens  and  thymuses.  As  shown  in  Fig.  7, 
the  thymuses  of  Smad3  null  mice  contain  normal  proportions 
of  CD4  and  CD8  single-  and  double-positive  T  cells,  suggesting 
that  thymic  T-cell  maturation  is  normal  in  Smad3  null  mice. 
Similarly,  the  spleens  from  Smad3  null  mice  contain  normal 
numbers  and  percentages  of  B  cells  and  CD4  and  CD8  single¬ 
positive  T  cells,  suggesting  that  there  is  not  an  abnormal  ex¬ 
pansion  of  lymphocytes  in  the  spleens  of  Smad3  null  mice.  In 
addition,  we  performed  FACS  analysis  on  bone  marrow  and 
peripheral  lymph  nodes  for  B-  and  T-cell  populations  and 
observed  no  difference  between  wild-type  and  Smad3  null  mice 
(data  not  shown).  Finally,  we  performed  functional  analysis  of 
B  and  T  cells  by  immunizing  mice  with  various  antigens  and 
measuring  both  T-cell-dependent  and  T-cell-independent  an¬ 
tibody  production.  Again,  we  did  not  observe  any  significant 
differences  in  antibody  production  between  wild-type  and 
Smad3  null  mice  (data  not  shown). 

DISCUSSION 

In  an  attempt  to  define  the  roles  of  Smad3  in  TGF-p-medi¬ 
ated  signal  transduction,  we  have  created  mice  harboring  a 
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FIG.  6.  TGF-p-mediated  growth  inhibition  of  aCD3-stimulated  splenocytes  is  associated  with  a  decrease  in  Gi  Cdk  activity  and  cytokine  expression.  (A) 
Splenocytes  were  harvested  from  wild-type  and  knockout  mice  and  cultured  with  aCD3  in  the  presence  or  absence  of  TGF-p.  Cell  lysates  were  prepared  and  subjected 
to  Western  blotting  for  cyclin  E,  Cdk2,  p27,  and  Rb  (lower  panels).  In  addition,  Cdk2  kinase  activity  was  assayed  by  immunoprecipitation  of  Cdk2  and  evaluation  of 
its  ability  to  phosphorylate  the  exogenous  substrate,  histone  HI  (top  panel).  (B)  Cytokine  production  was  assayed  on  splenocytes  from  wild-type  and  Smad3  null  mice 
treated  as  for  panel  A,  using  an  RNase  protection  assay.  The  identity  of  each  band  is  indicated  on  the  right.  L32  and  GAPDH  are  controls  for  mRNA  quantity  and 
quality.  (C)  The  intensity  of  the  cytokine  RPA  bands  in  panel  B  was  determined  by  densitometry.  Plotted  are  the  relative  intensities  of  each  band,  with  wild-type  levels 
of  each  cytokine  set  at  100%. 


targeted  disruption  of  Smad3.  The  first  striking  finding  is  that 
Smad3  null  mice  are  viable  and  survive  to  adulthood.  The 
analysis  of  mice  deficient  in  other  Smad  genes,  however,  has 
firmly  established  the  role  of  this  family  of  proteins  in  embry¬ 
onic  development.  Mice  with  a  targeted  disruption  of  Smad4 
display  an  early  embryonic  lethal  phenotype  at  embryonic  days 
6.5  to  8.5.  These  embryos  do  not  undergo  gastrulation  or  ex¬ 
press  mesodermal  markers,  and  they  show  abnormal  visceral 
endoderm  development  (52,  61).  Smad2-deficient  mice  also 
die  early  in  development,  at  embryonic  day  9.5,  primarily  due 
to  a  loss  of  anterior-posterior  identity  within  the  embryo.  In 
the  absence  of  anterior-posterior  identity,  the  entire  epiblast 
develops  a  extraembryonic  mesodermal  fate,  failing  to  give  rise 
to  the  three  primary  germ  layers  (55).  In  a  separate  study, 
Smad2  was  found  to  play  a  role  in  mesoderm  formation,  left- 
right  patterning,  and  craniofacial  development  (43).  Addi¬ 
tional  support  for  the  critical  roles  of  the  TGF-p  superfamily  of 
ligands  and  the  Smad  family  of  proteins  in  development  has 
been  established  in  studies  of  the  Xenopus  oocyte  developmen¬ 
tal  system  (17,  24). 

In  sharp  contrast  to  mice  harboring  a  targeted  disruption  of 
Smad2  and  Smad4,  the  loss  of  Smad3  function,  as  we  report 
here,  has  no  discernible  effect  on  embryonic  development.  It  is 
conceivable  that  certain  functions  of  Smad3  are  redundant 
with,  or  compensated  for  by,  that  of  Smad2.  These  two  proteins 
are  90%  identical  at  the  amino  acid  level.  Both  proteins  are 
inducibly  phosphorylated  by  the  TGF-p  receptors,  associate 
with  Smad4,  and  undergo  nuclear  accumulation.  One  main 
difference  is  that  Smad2  may  be  expressed  as  two  alternatively 
spliced  variants;  one  contains  two  inserts  in  the  MH1  domain 
of  the  protein,  rendering  it  unable  to  bind  to  DNA  (51,  60), 
whereas  the  other,  without  the  inserts,  is  structurally  and  func¬ 
tionally  virtually  identical  with  Smad3  (60).  Thus,  the  molecu¬ 
lar  functions  of  Smad2  and  Smad3  are  most  likely  overlapping 
as  well  as  distinct,  since  functional  differences  in  the  DNA 
binding  properties  and  promoter  activation  by  these  molecules 
have  been  reported  (28,  63,  65).  Although  we  still  do  not  know 
the  expression  patterns  of  the  two  variants  of  Smad2,  clearly 
Smad3  cannot  fully  compensate  for  the  severe  defect  in  Smad2 
null  mice  which  may  have  lost  the  expression  of  both  forms  of 
Smad2.  On  the  other  hand,  Smad3  may  play  a  more  exclusive 


role  as  an  effector  for  TGF-p  and  possibly  activin  in  adult 
tissues,  whereas  Smad2  with  its  two  forms  may  function  more 
globally  in  development  and  possibly  in  the  adult  as  a  signaling 
mediator  of  these  two  ligands. 

A  role  for  Smad3  in  TGF-P-mediated  growth  inhibition.  Our 
initial  goal  in  these  studies  was  to  define  the  role  of  Smad3  in 
the  regulation  of  cellular  proliferation  by  TGF-p.  Since  previ¬ 
ous  studies  on  this  topic  have  involved  overexpression  of 
Smads  and  the  use  of  various  tumor  lines  which  likely  harbor 
additional  mutations,  a  role  for  the  Smads  in  the  regulation  of 
proliferation  remained  uncertain.  To  this  end,  we  have  dem¬ 
onstrated  that  Smad3  is  required  for  TGF-p-mediated  growth 
inhibition  in  at  least  two  cellular  contexts:  aCD3-stimulated 
primary  splenocytes  and  primary  MEFs. 

The  results  from  primary  splenocyte  cultures  are  particularly 
interesting  in  that  TGF-p-mediated  growth  inhibition  is  de¬ 
pendent  on  Smad3  only  under  certain  stimulated  growth  con¬ 
ditions.  The  proliferation  of  unstimulated,  LPS-stimulated, 
and  aIgM-IL-4-stimulated  splenocytes  is  inhibited  in  response 
to  TGF-p  treatment  in  wild-type  cells  and  to  a  nearly  identical 
extent  in  Smad3  null  cells.  In  contrast,  a  large  reduction  in 
TGF-p-mediated  growth  inhibition  is  seen  in  the  Smad3  null 
splenocytes  specifically  when  they  are  stimulated  by  aCD3. 
Thus,  there  appear  to  be  both  Smad3-dependent  and  Smad3- 
independent  growth-inhibitory  signaling  pathways  for  TGF-p. 
We  have  also  observed  a  similar  defect  in  TGF-p-mediated 
growth  inhibition  in  MEFs  derived  from  Smad3  null  mice.  In 
these  cells,  the  growth-inhibitory  effect  of  TGF-p  is  largely 
absent,  and  this  lack  of  TGF-p  effect  is  most  likely  cell  auton¬ 
omous. 

The  molecular  nature  of  the  growth-inhibitory  effects  of 
TGF-p  is  one  of  its  most  studied  properties.  Through  the  work 
of  a  number  of  groups,  a  model  has  been  put  forward  in  which 
TGF-p  regulates  proliferation  by  inhibiting  the  activity  of  Cdk 
complexes.  This  function  of  TGF-p  is  likely  due,  in  part,  to  its 
ability  to  increase  the  expression  of  the  Cdk  inhibitors  p21  and 
pl5,  decrease  the  expression  of  a  number  of  different  cyclins, 
Cdks,  the  phosphatase  CDC25A,  and  c-Myc,  as  well  as  regu¬ 
late  the  activity  of  p27  (reviewed  in  reference  20).  The  signal¬ 
ing  mechanisms  of  TGF-p-mediated  growth  inhibition  vary 
significantly  from  one  cell  type  to  another.  Unfortunately, 
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FIG  7  FACs  analyses  of  thymocytes  and  splenoeytes  isolated  from  wild-type  and  Smad3  null  mice  demonstrate  normal  T-cell  and  B-cell  development.  (A  and  B) 
Representative  FACs  analysis  of  wild-type  and  Smad3  null  thymocytes,  using  aCD4-PE  and  «CD8-FITC.  (C  to  F)  Representative  FACS  analysis  of  wild-type  and 
Smad3  null  splenoeytes,  using  the  indicated  conjugated  antibodies.  All  data  was  gated  for  viable  cells  by  the  absence  of  7AAD  staining.  Percentages  represent  the 
proportions  of  viable  cells  in  each  region  or  quadrant. 


none  of  the  previously  described  TGF-p-mediated  growth-in¬ 
hibitory  pathways  appear  to  be  functioning  in  wild-type  MEFs 
or  aCD3-stimulated  splenoeytes.  Specifically,  MEFs  and  aCD3- 
stimulated  splenoeytes  down  regulate  cyclin-Cdk  complex 
activity  without  significant  changes  in  the  levels  of  p21,  pl5, 
p27,  cyclin  E,  or  Cdk2.  Thus,  Smad3  does  not  act  through  these 
defined  downstream  effectors  to  mediate  the  growth-inhibitory 
effects  of  TGF-p  in  these  cells.  Consequently,  these  findings 
suggest  a  novel  Smad3-dependent  growth-inhibitory  pathway 
for  TGF-p. 

The  work  presented  here  is  complemented  by  a  recent  re¬ 
port  by  Zhu  et  al.,  characterizing  the  phenotype  of  an  inde¬ 
pendently  created  mouse  line  with  a  targeted  insertion  into  the 
second  exon  of  Smad3  (68).  This  group  describes  a  high  prev¬ 
alence  of  colon  tumor  in  the  129sv  mouse  background,  and  a 
lower  prevalence  of  a  less  aggressive  tumor  phenotype  in  the 
129-C57BL/6  hybrid  mouse  background.  Although  not  exper¬ 
imentally  addressed,  it  is  an  attractive  hypothesis  that  this 
tumor  formation  occurs  due  to  defects  in  TGF-(3 -mediated 
growth  inhibition  of  the  sort  that  we  describe  here.  It  remains 
to  be  determined,  however,  if  these  tumors  arise  from  some 


other  TGF-(3-Smad3-dependent  cellular  effect  or  through  a 
mechanism  unrelated  to  TGF-p  signaling.  It  is  intriguing  that 
we  have  not  yet  observed  the  30%  prevalence  of  colon  tumors 
in  our  129-C57BL/6  hybrid  lines  as  in  the  reported  study.  This 
discrepancy  may  be  due  to  differences  in  genetic  background  of 
the  Smad3  null  animals  or  even  targeting  strategies.  It  is  also 
possible  that  a  higher  prevalence  of  tumors  may  still  occur  in 
our  lines  with  longer  time  or  when  the  mice  with  mixed  genetic 
background  are  inbred  into  a  pure  129  mouse  line. 

In  addition  to  its  antiproliferative  role  in  the  context  of 
tumor  suppression,  TGF-p  is  a  well-documented  global  inhib¬ 
itor  of  immune  system  function.  This  function  of  TGF-p  is 
evidenced  by  the  phenotype  of  TGF-pl  null  mice  (9,  26). 
These  mice  present  with  a  multifocal  inflammatory  disease, 
with  lymphocyte  infiltration  into  multiple  organs  and  produc¬ 
tion  of  autoimmune  antibodies  (9, 13).  The  phenotype  of  these 
mice  may  be  attributed  to  a  loss  of  the  antiproliferative  effect 
of  TGF-pl  on  both  B  and  T  cells  (22,  23).  Given  the  fact  that 
Smad3  is  most  highly  expressed  in  the  spleen  and  thymus,  and 
the  accumulating  evidence  that  Smad3  is  regulated  by  TGF-p, 
the  development  of  an  overactive  inflammatory  phenotype 
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similar  to  that  of  the  TGF-pi  knockout  mice  may  have  been 
expected  in  the  Smad3  null  mice.  This  phenotype,  however,  is 
not  observed. 

These  findings  may  be  explained  by  the  fact  that  under 
several  conditions  for  assay  of  B-  and  T-cell  cultures  in  vitro, 
the  antiproliferative  effect  of  TGF-p  is  intact  in  Smad3  null 
cells.  Thus,  under  in  vivo  conditions,  the  proliferation  of  B  and 
T  cells  may  be  appropriately  inhibited  under  most  circum¬ 
stances  by  endogenous  TGF-p.  Since  this  is  likely  the  case,  a 
more  subtle  or  incompletely  penetrant  inflammatory  pheno¬ 
type  may  still  emerge  in  the  Smad3  null  mice.  These  findings 
also  support  a  model  in  which  although  Smad3  is  important  in 
regulating  the  antiproliferative  effects  of  TGF-p  under  certain 
conditions,  TGF-p  can  also  activate  or  use  other  Smad3-inde- 
pendent  pathways  to  exert  a  growth-inhibitory  effect. 

A  role  for  Smad3  in  TGF-p-mediated  gene  responses.  TGF- 
(3  can  affect  the  expression  of  a  number  of  different  genes  of 
diverse  functions  (46).  The  identification  of  Smads  as  se¬ 
quence-specific  DNA  binding  transcription  factors  supports 
the  notion  that  the  regulation  of  specific  genes  by  TGF-p  may 
be  through  the  functions  of  Smad2,  Smad3,  and  Smad4.  Both 
3TP-lux,  a  well-studied  promoter  reporter  used  for  the  analy¬ 
sis  of  TGF-P  signaling,  and  the  promoter  of  PAI-1,  a  highly 
TGF-P  inducible  extracellular  matrix  protein,  contain  Smad3- 
Smad4  DNA  binding  sites  (11,  21,  63).  Although  the  Smads 
have  been  implicated  in  the  TGF-p-mediated  induction  of 
3TP-lux  and  PAI-1,  these  studies  are  based  largely  on  Smad 
overexpression  and  dominant  negative  studies,  leaving  the 
question  of  the  physiological  role  for  Smad3  in  TGF-(3-medi- 
ated  gene  activation  unresolved  (29,  35,  65).  In  addition,  we 
have  shown  in  a  previous  study  that  the  Smad-DNA  interaction 
is  dispensable  for  the  activation  of  3TP-lux  by  TGF-p,  bringing 
into  question  the  role  of  Smad3  in  the  regulation  of  this  pro¬ 
moter  (63).  Here  we  demonstrate  that  Smad3  is  integral  for 
transactivation  of  3TP-lux  and  PAI-1,  as  their  induction  by 
TGF-p  is  reduced  in  the  absence  of  Smad3.  Interestingly,  al¬ 
though  Smad2  has  been  shown  in  the  context  of  overexpression 
to  activate  3TP-lux  and  PAI-1  (29),  no  compensation  by  Smad2 
is  observed  in  the  Smad3  null  fibroblasts. 

In  addition  to  the  studies  of  3TP-lux  and  PAI-1,  we  have 
investigated  the  role  of  Smad3  in  the  regulation  of  other  genes 
by  TGF-(3.  Specifically  we  provide  evidence  that  the  TGF-p- 
mediated  down  regulation  of  aCD3-stimulated  cytokine  pro¬ 
duction  is  Smad3  dependent.  This  suggests  that  Smad3  may 
play  an  important  role  in  both  the  activation  as  well  as  the 
repression  of  gene  expression.  We  have  also  evaluated  the  role 
of  Smad3  in  the  regulation  of  several  additional  promoters  by 
TGF-(3  in  our  Smad3  null  model  system.  Specifically,  we  de¬ 
scribe  the  role  of  Smad3  in  the  induction  of  c-Jun  by  TGF-p  in 
a  separate  study  (56).  In  this  study  we  find  that  the  c-Jun 
promoter  contains  a  Smad3-Smad4  complex  binding  site  and 
that  Smad3  is  required  for  the  induction  of  c-Jun  in  MEFs. 
Thus,  Smad3  may  be  specifically  required  for  the  activation  of 
transcription  from  a  subset  of  TGF-p-responsive  promoters.  In 
this  regard,  the  Smad3  null  MEF  system  provides  a  useful  tool 
to  define  these  genes  which  are  regulated  by  TGF-p  through 
Smad3.  In  doing  so,  we  may  be  able  to  define  novel  genes  or 
pathways  which  are  at  the  root  of  the  Smad3-dependent, 
TGF-p  antiproliferative  effects  which  we  have  described. 
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